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This thesis dissertation is the result of four years of research at the Pharmacokinetics 
and Biopharmaceutical Analysis Laboratory and at the Cell Line Development and 
Molecular Biotechnology Laboratory - Animal Cell Technology Unit of Instituto de 
Tecnologia Química e Biológica – Universidade Nova de Lisboa and Instituto de 
Biologia Experimental e Tecnológica (Oeiras, Portugal) under the supervision of Dr. 
Ana Luísa Simplício and co-supervision of Dr. Ana Sofia Coroadinha. 
The work presented herein intended to contribute to the improvement of 
Carboxylesterases (CESs) knowledge through the development of new analytical 
methodologies as well as new production processes enabling enzymatic analysis and 
characterisation. Moreover, this thesis also contributes with an improved in vitro 
Caco-2 cell model showing higher levels of human carboxylesterase 2 (hCES2) 
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The first barrier oral drugs and prodrugs encounter prior to reaching an organism’s 
systemic circulation is the gastrointestinal (GI) tract, specifically the intestine, which is 
the primary section for absorption. Therefore, it is fundamental to understand the 
permeability of the therapeutic agent as well as its potential metabolism by human 
enterocytes, since biotransformation may result in the inactivation of the therapeutic 
agent or, to the contrary, in the formation of more therapeutically active metabolites. 
Carboxylesterases (CESs), phase I metabolising enzymes, are important in the 
metabolism of several drugs and prodrugs with amide, ester, or thioester functional 
groups. After cytochrome (CYP) P450s and UDP-glucuronosyltransferases (UGTs), CESs 
are the most relevant enzymes for the metabolism of therapeutic agents.  
Carboxylesterase 2 (hCES2) is the main CES expressed in the human intestine and is an 
increasingly important enzyme in anti-cancer combined therapies for the treatment 
of different pathologies such as colon adenocarcinoma and malignant glioma, due to 
its potential to improve the anti-cancer effect of certain therapeutic compounds. 
Notwithstanding, it is down regulated in the most used intestinal model for 
permeability, the human colon adenocarcinoma derived Caco-2 cell line. On the 
contrary, carboxylesterase 1 (hCES1), the main CES expressed in the human liver, is 
highly expressed in Caco-2 cells, unlike what is known to occur in the intestine.  
The main goal of the work presented in this thesis was to increase the fundamental 
knowledge of hCES2 and to improve the in vitro to in vivo relevance of Caco-2 cells, by 
increasing the expressed hCES2 levels. 
To study and characterize hCES2 activity, as well as to differentiate its activity from 
other esterases in complex biological samples, proper tools had to be developed, as 
described in Section 2. Through the usage of both a specific CES2 and a general CES 
inhibitor, loperamide and BNPP, respectively, a fast, simple, and repeatable capillary 
electrophoresis method requiring low sample volumes was successfully developed 
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and is applicable even when substrates and products absorb at the same wavelength. 
The developed methodology was applied to a variety of samples and proved to be 
suitable for the quantitation of hCES2-specific activity in mixtures of expressed and 
purified CES1 and hCES2 enzymes. Moreover, the developed method showed that 
transiently transfected HEK-293T cells had 15-fold higher hCES2-specific activity than 
non-transfected cells. This method also showed effectiveness in distinguishing CES2-
specific activity in different mammalian sera containing a variety of esterases. The 
developed methodology should be applicable to a wider variety of samples with 
esterase activity, as well as for the analysis of the activities of other esterases, once 
appropriate substrates and inhibitors are used.  
Using the appropriate tools to study hCES2, a method enabling the production and 
purification of this enzyme was developed. This successfully strategy, described in 
Section 3, resulted in the first recombinant human hCES2 enzyme produced using 
human HEK-293T cells in suspension. The utilized strategy demonstrated that the 
addition of an in-frame, C-terminally localized 10x histidine tag, was sufficient to 
promote hCES2 secretion. This avoided the need of additional N-terminal signal 
sequences or the modification or deletion of the Endoplasmic Reticulum (ER) 
retention sequence, which are the traditional strategies. Moreover, using both 
standard and in-house developed biochemical and analytical techniques, new 
fundamental features were unravelled, such as the presence of oligomeric active and 
inactive forms of hCES2, which was previously reported as existing only in a 
monomeric 60 kDa form, leading the way to possible new discoveries concerning 
hCES2 properties. Different oligomeric forms had previously been reported for hCES1; 
the present work suggests this might be a common feature for CESs.  
Equipped with a deeper knowledge about hCES2, Caco-2 cells were overexpressed 
with hCES2. This cell line, mimicking human enterocytes, fails in the accurate 
absorption prediction of ester-containing drugs and prodrugs especially of those 
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metabolised by hCES2. Section 4 describes the successful genetic engineering of this 
cell line resulting in a population with increased hCES2 mRNA, protein expression, and 
activity levels. No changes in cell differentiation and polarization ability were detected 
in comparison with the parental cell line, as the overexpressing population retained 
the capacity to express similar levels of alkaline phosphatase. A hCES2-expressing 
Caco-2 cell line was generated through clonal selection and its stability during 
passaging and differentiation, was evaluated. An obvious decay of enzyme expression 
was observed at higher passage numbers, confirming a previously reported hurdle to 
Caco-2 manipulation. New clues to understand and overcome this limitation of the 
Caco-2 model are provided. Upon complete validation with reference compounds, 
the newly developed cell line has the potential to become a useful tool for coupling 
the study of intestinal absorption with intestinal metabolism, especially when it 
involves the hydrolysis of ester-containing drugs and prodrugs. 
Overall, the work developed in this thesis, opened new paths to unravel more 





Fármacos e pró-fármacos administrados por via oral encontram no trato 
gastrointestinal, em especial no intestino delgado, região primordial de absorção, a 
primeira barreira antes de alcançarem o sistema circulatório. Torna-se, desta forma, 
fundamental, compreender as propriedades dos agentes terapêuticos em termos de 
permeabilidade, bem como a possível susceptibilidade a serem metabolizados nos 
enterócitos humanos, uma vez que a sua bio-transformação pode conduzir à 
inativação, ou, pelo contrário, à formação de metabolitos de maior ação terapêutica. 
Carboxilesterases (CESs) são enzimas metabólicas de fase I importantes no 
metabolismo de fármacos e pró-fármacos contendo grupos químicos funcionais 
específicos tais como amidas, ésteres ou tio-ésteres. Carboxilesterases são, depois 
das citocromo (CYP) P450 e das UDP-glucoronosil-transferases (UGTs), as enzimas de 
maior relevância para o metabolismo de agentes terapêuticos.  
A carboxilesterase 2 (hCES2) é a principal CES expressa no intestino humano, sendo 
uma enzima de importância crescente em terapias anti-cancerígenas combinadas 
para o tratamento de diversas patologias tais como o adenocarcinoma do colon ou o 
glioma maligno, devido ao potencial que tem de aumentar o efeito anti-cancerígeno 
de certos compostos terapêuticos. Esta enzima encontra-se, contudo, regulada 
negativamente no modelo intestinal mais utilizado para a avaliação da 
permeabilidade intestinal, a linha celular Caco-2, derivada de um adenocarcinoma de 
colon humano. Pelo contrário, a carboxilesterase 1 (hCES1), a CES de maior expressão 
no fígado humano, é altamente expressa nas células Caco-2, de modo oposto ao que 
se sabe ocorrer no intestino humano. 
O principal objetivo do trabalho apresentado nesta tese foi o de aumentar o 
conhecimento fundamental da hCES2 bem como o de melhorar a relevância in vitro-in 
vivo das células Caco-2, através do aumento da expressão dos níveis de hCES2. As 
ferramentas apropriadas para o estudo e caracterização da atividade da hCES2, bem 
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como para a diferenciação da atividade desta de outras esterases presentes em 
amostras biológicas complexas, tiveram de ser desenvolvidas, tal como descrito na 
Secção 2. A utilização de um inibidor específico da CES2, a loperamida, e de um 
inibidor geral das CESs, o BNPP, possibilitou o desenvolvimento com sucesso de um 
método rápido, simples, repetível e necessitando de pequenas quantidades de 
amostra, para análise em eletroforese capilar, com aplicabilidade mesmo em 
situações nas quais substratos e produtos de reação absorvem no mesmo 
comprimento de onda. A metodologia assim desenvolvida foi aplicada em diversos 
tipos de amostras e provou ser adequada para a quantificação da atividade específica 
da hCES2, mesmo quando presente em misturas de enzimas expressas e purificadas, 
contendo CES1. Adicionalmente, o método desenvolvido possibilitou demonstrar que 
a atividade específica de hCES2 aumenta 15 vezes em células HEK-293T transfectadas 
de forma transiente em comparação com as mesmas células não transfectadas. Este 
método provou ainda ser eficaz para distinguir a atividade específica de CES2 
presente em diferentes soros de mamíferos, contendo diversas esterases. A 
metodologia desenvolvida poderá ser adicionalmente aplicada não só a uma maior 
variedade de amostras contendo atividade de esterases, bem como para a avaliação 
de atividades de outras esterases desde que sejam utilizados substratos e inibidores 
apropriados. 
Recorrendo às ferramentas apropriadas ao estudo da hCES2, foi desenvolvido um 
método de produção e purificação desta enzima. Esta estratégia, descrita na Secção 3, 
revelou-se bem-sucedida, tendo resultado na produção pela primeira vez de uma 
enzima hCES2 recombinante humana, em células de origem humana, a linha celular 
HEK-293T, crescidas em suspensão. A estratégia utilizada permitiu demonstrar que a 
adição, na mesma grelha de leitura, de uma cauda de 10x histidinas na região C-
terminal da hCES2, é suficiente para promover a secreção da proteína. Esta 
abordagem permitiu evitar recorrer às estratégias tradicionais tais como: adição de 
sequências sinal na região N-terminal; modificação ou delecção da sequência de 
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retenção no Retículo Endoplasmático (ER). Adicionalmente, através da utilização de 
técnicas analíticas e bioquímicas quer tradicionais quer desenvolvidas no laboratório, 
foi possível revelar novas propriedades fundamentais da hCES2 tais como a presença 
de formas oligoméricas ativas e inativas, desta proteína anteriormente descrita como 
existindo apenas na forma de monómero com 60 kDa, abrindo caminho a eventuais 
novas descobertas relativamente às suas propriedades. De facto, diferentes formas 
oligoméricas foram já descritas para a hCES1; o trabalho aqui apresentado sugere que 
esta possa ser uma característica comum a todas as CESs. 
Munidos de um conhecimento mais aprofundado sobre a hCES2, procedeu-se ao 
aumento de expressão desta enzima nas células Caco-2. Esta linha celular, que 
mimetiza os enterócitos humanos, apresenta limitações na previsão da absorção de 
fármacos e pró-fármacos contendo grupos éster, especialmente daqueles que são 
metabolizados pela hCES2. Na Secção 4 é descrita a modificação bem-sucedida desta 
linha celular, através de técnicas de engenharia genética, resultando no 
estabelecimento de uma população com níveis superiores de atividade de hCES2, 
reflectida também ao nível do mRNA e ao nível da expressão proteica. Comparando a 
linha celular Caco-2 com a nova população celular, não foram detectadas diferenças 
em termos da capacidade de diferenciação celular nem ao nível da capacidade de 
polarização das células, uma vez que na nova população, com níveis superiores de 
expressão de hCES2, foram detectados níveis semelhantes de expressão de fosfatase 
alcalina. Foi observado um decaimento óbvio na expressão enzimática de hCES2, a 
passagens mais elevadas, confirmando a dificuldade previamente reportada ao nível 
da manipulação da linha celular Caco-2. Neste trabalho são fornecidas novas 
indicações de como ultrapassar estas limitações. A nova linha celular desenvolvida 
tem o potencial de se tornar uma ferramenta importante na conjugação dos estudos 
de absorção e de metabolismo intestinais, especialmente úteis aquando da presença 
de hidrólise de fármacos e pró-fármacos contendo grupos éster.  
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De uma forma global, o trabalho desenvolvido nesta tese permitiu abrir novos 
caminhos na descoberta de mistérios adicionais da hCES2 e das células Caco-2. 
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4-MUBA 4-Methylumbelliferyl acetate 
4-MUP 4-Methylumbelliferyl phosphate 
ABCC1 ATP-binding cassette sub-family C (CTFR/MRP), member 1 (also known as multidrug 
resistance-associated protein 2 – MRP1) 
ABCC2 ATP-binding cassette sub-family C (CTFR/MRP), member 2 (also known as multidrug 
resistance-associated protein 2 – MRP2) 
ABCG2 ATP-binding cassette sub-family G (WHITE), member 2 (also known as brest cancer 
resistance protein – BCRP) 
AcChE Acetylcholinesterase 
AcTCh Acetylthiocholine  
ADME Absorption, distribution, metabolism and excretion 
AMEM Minimum Essential Medium Alpha 
ALP Alkaline phosphatase 
APC CPT-11 aminopentane carboxylic acid metabolite 
ATCC American Type Culture Collection 
AU Arbitrary Units 
BAP Bovine alkaline phosphatase 
BCA Bicinchoninic acid 
BES Background electrolyte solution 
BNPP Bis-p-nitrophenyl phosphate 
BuChE Butyrylcholinesterase  
BuTCh Butyrylthiocholine  
Caco-2 Colon adenocarcinoma 2 cells 
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CAR Constitutive androstane receptor 
CE Capillary electrophoresis 
CES Carboxylesterase  
CES1 Carboxylesterase 1 
CES2 Carboxylesterase 2 
CES2-10xHis Recombinant CES2 with an in-frame C-terminal 10× histidine tag 
CES3 Carboxylesterase 3 
CHO Chinese hamster ovary cells 
CO2 Carbon dioxide 
COS-7 African green monkey kidney fibroblast-like cell line 
CPT-11 (Irinotecan) (4S)-4,11-Diethyl-3,4,12,14-tetrahydro-4-hydroxy-3,14-dioxo-1H-
pyrano[3’,4’:6,7]indolizino[1,2-b]quinolin-9-yl-[1,4’-bipiperidine]-1’-carboxylic acid ester 
hydrochloride 
CVr Coefficient of variation of repeatability 
CVi Coefficient of variation of intermediate precision 
CYP Cytochrome P450  
DMEM Dulbecco’s Modified Eagle Medium 
DMSO Dimethyl sulfoxide 
DMSZ Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures 
ECACC European Collection of Cell Cultures 
ECVAM European Centre for the Validation of Alternative Methods 
EDTA Ethylenediaminetetraacetic acid 
Endo H Endoglycosydase H 
ER Endoplasmic reticulum 
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FAH Fumarylacetoacetate Hydrolase  
FBS Foetal bovine serum 
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 
GPx4 Glutathione peroxidase 4 
hCES Human carboxylesterase 
HEK-293 Human embryonic kidney 293 cells 
HEK-293T HEK-293 cells constitutively expressing SV40 large T antigen 
HEPES 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid N-(2-Hydroxyethyl) piperazine-N’-
(2-ethanesulfonic acid) 
HIEL CES1 Histidine-isoleucine-glutamic acid-leucine CES1 motif 
HPLC High-performance liquid chromatography 
Hpt Hours post-transfection 
HRP Horseradish peroxidase 
HTEL CES2 Histidine-threonine-glutamic acid-leucine CES2 motif 
i.d. Internal diameter 
IL2RG Common gamma chain or Interleukin-2 receptor subunit gamma 
LLC-PK1 Lewis lung carcinoma-porcine kidney 1 cells 
IMAC Immobilized metal affinity chromatography 
IV Intravenous 
IVIVC In vitro-in vivo correlation 
kDa Kilodalton 
KO Knockout 
MDCK Mardin-Darby canine kidney cells 
MDP Membrane dipeptidase 
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NaOH Sodium hydroxide 
NBT/BCIP Nitro-blue tetrazolium/ 5-bromo-4-chloro-3’-indolyphosphate 
NIH National Institutes of Health 
NME New molecular entity 
NPC CPT-11 primary amine metabolite 
ON Overnight 
p p-value 
p.a. pro analysis 
p-ABA p-aminobenzoic acid 
PALP Human placental alkaline phosphatase 
PAMPA Parallel artificial membrane permeability assay 
PBPK Physiologically based pharmacokinetic 
PBS Phosphate-buffered saline 
PCR Polymerase chain reaction 
PEI Polycation polyethylenimine 
P-gp P-glycoprotein (also known as multidrug resistance protein 1 – MDR1 and ATP-binding 
cassette sub-family B member 1 – ABCB1) 
PNGase F Peptide: N-glycosidase F 
p-NP p-Nitrophenol 
p-NPA p-Nitrophenyl acetate 
pO2 partial pressure of oxygen 
PVDF Polyvinylidene difluoride 
PVPA Phospholipid vesicle-based permeation assay 
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PXR Pregnane X receptor; also termed pregnane-activated receptor (SXR) or steroid xenobiotic 
receptor (SXR)  
QEDL CES3 Glutamine-glutamic acid-aspartic acid-leucine CES3 motif 
R
2
 R-squared coefficient 
RAG2 Recombinant Activating Gene 2 
RAJI Burkitt’s lymphoma-derived cell line 
RNase B Ribonuclease B 
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1.1 The fundamentals of carboxylesterases 
Carboxylesterases (CESs), generally regarded as hydrolytic enzymes, are involved in 
the conversion of ester containing compounds into their carboxylic acid and alcohol 
metabolites. The enzymatic mechanism, through which these enzymes act upon their 
substrates, has been previously reviewed (Satoh and Hosokawa 2006) and new 
insights continuously arise through classical enzymatic activity assays as well as more 
recent techniques such as X-ray crystallography (Redinbo and Potter 2005). 
Carboxylesterases have been traditionally classified with acetylcholinesterases 
(AcChE) and butirylcholinesterases (BuChE) as type-B esterases. These enzymes are 
inhibited by organophosphates, unlike type-C (such as acetylesterases) and type-A 
hydrolases (such as paraoxonase; Table 1.1). Type-A esterases hydrolyse these 
compounds, such as paraoxon, but type-C esterases do not interact with them 
(Aldridge 1993; Liederer and Borchardt 2006).  





Are inhibited by 
organophosphates? 
A Yes No 
B No Yes 
C No No 
Aldridge 1993;Liederer and Borchardt 2006. 
After oxidative enzymes such as cytochrome (CYP) P450 enzymes and UDP-
glucuronosyltransferases (UGTs), esterases are the third major class of enzymes 
involved in the metabolic clearence of currently administered therapeutic drugs, 
(Williams et al. 2004; Liederer and Borchardt 2006). Esterases B are additionally 
classified as belonging to the α/β-hydrolase fold superfamily. α/β-Hydrolases have 
their secondary structure characterised by an α/β/α sandwich in which five to eight β-
sheets form a core connected by α helices (Hotelier et al. 2004). Type-B esterases are 
serine α/β-hydrolases in which a catalytic triad composed of serine, glutamate and 
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histidine aminoacids connected by hydrogen bonds is essential for their enzymatic 
activity (Liederer and Borchardt 2006). 
1.1.1 Carboxylesterases across species 
Carboxylesterases are ubiquitously present throughout all forms of life, from bacteria 
to man. Their enzymatic capability has been explored through diverse industrial 
applications such as organic chemical synthesis and agrochemical industry, being this 
a very active research field (Jeon et al. 2011). Special attention has been devoted to 
thermostable carboxylesterases isolated from different archea, due to their possible 
application as industrial biocatalysts (Angkawidjaja et al. 2012). Carboxylesterases 
role in the metabolism of xenobiotic compounds is well known. By acting as 
detoxifying agents, they have, for instance, been applied in environmental monitoring 
(Wheelock et al. 2006). Other functions, however, have been attributed to 
carboxylesterases. In fungi, best known as feruloyl esterases, they have been 
implicated in hemicellulose solubilisation (Tartar et al. 2009). In insects, their 
functions range from insecticide resistance and other detoxifying functions, to 
pheromone-degrading enzymes, the first being generally intracellular and the second, 
extracellular (Durand et al. 2012; Claudianos et al. 2006). In plants, they have been 
described as having important defensive functions without intrinsic catalytic activities 
(Akashi et al. 2005). In olive (Olea europaea) pollen, for instance, they have been 
identified and implicated in its germination (Rejón et al. 2012). 
Being so diverse and widely represented, carboxylesterase family 
classification is not a trivial task. It has been proposed to divide it into thirteen clades: 
eight exclusive plant carboxylesterases clades (I to VIII); clade C containing the fungi 
Aspergillus nidulans genes and clades A, B, D and E all containing representatives of 
microorganisms, other fungi and mammals (Akashi et al. 2005). Although a good 
effort, this classification has been based in only one hundred and two sequences. 
Thus, alternative classifications exist. For example, microbial carboxylesterases are 
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usually classified on the basis of conserved sequence motifs and biological properties, 
comprising eight families (I to VIII; Jeon et al. 2011). Insect carboxylesterases have 
been classified into three major classes, subdivided into thirteen clades (Claudianos et 
al. 2006). The ESTHER database has a comprehensive amount of available α/β-
hydrolases gene and protein information from all species. Useful links to other 
databases as well as other relevant information are also available (Renault et al. 
2005).  
1.1.2 Looking in more detail to carboxylesterases in mammals 
Mammalian carboxylesterases, the most studied, also have their own 
classification, into five groups (CES1 to CES5), mainly attending to sequence identity 
(Satoh and Hosokawa 2006). Due to recent advancements in whole genome 
sequencing, several new CESs genes have been unravelled in different species, such as 
opossum, a marsupial, and primates . Their comparison with the already known CESs 
has been performed (Holmes et al. 2008; Holmes et al. 2009; Williams et al. 2010). 
This diversity has converged to the proposal of a new nomenclature for mammalian 
carboxylesterases (Holmes et al. 2010). The newly proposed nomenclature was not 
followed in this thesis as it is restricted to few mammalian species, posing difficulties 
in its usage.  
Mammalian CESs are intra or extracellularly localised in diverse tissues. 
Intracellular CESs are usually found inside the endoplasmic reticulum (ER) having a 
specific retention sequence that interacts with the KDEL receptor (Satoh and 
Hosokawa 2006) as it happens with human carboxylesterases (hCESs; Satoh and 
Hosokawa 2006). Nonetheless, carboxylesterase 1 isoform 1 (CES1A1 or 
CES1_AB119997) has been reported to exist in hepatic cytosol (Tabata et al. 2004). 
Differences in the number, tissue distribution, substrate selectivity as well as 
sensitivity towards different inhibitors have been previously reported for different 
mammals (Williams et al. 2011). For example, mice and rats not only have more CESs 
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than humans, they also present several secreted forms in the plasma and different 
substrate specificity: the pranlukast drug was found to be hydrolysed in rats but not in 
humans (Fukami and Yokoi 2012).  
In terms of regulation, mammalian carboxylesterases share similarities with 
other xenobiotic-metabolising enzymes since they may be induced by similar agents. 
An example is their induction by chemicals such as phenobarbital, well known to 
induce CYP enzymes (Satoh and Hosokawa 1998). In the case of down-regulation, 
hCES1 and carboxylesterase 2 (hCES2) as well as CYP enzymes are suppressed by 
Interleukin-6 (Yang et al. 2007). Nonetheless, specific inhibitors for CESs have been 
reported, such as bis-p-nitrophenyl phosphate (BNPP) and benzyl (Yoon et al. 2004; 
Tsurkan et al. 2012). Due to their potential pharmacological application, the search 
for CESs specific inhibitors is, in fact, an active research field. 
Human CES1 has traditionally been the most studied hCES, being the only 
human form that has, so far, a fully known structure (Bencharit et al. 2003). However, 
increased attention has been devoted to hCES2 due, for example, to its role in the 
activation of the anti-cancer prodrug irinotecan (CPT-11) and its potential application 
in prodrug-activating gene therapies (Yano et al. 2008; Uchino et al. 2008). 
1.1.3 Human carboxylesterase 2 
Human CES2 is found in different tissues, especially in the liver, intestine, 
and kidney (Fukami and Yokoi 2012). It constitutes a good example of the 
aforementioned species variation of CESs. Through a BLAST-P (Altschul et al. 1997) 
search, the first fifty hits correspond exclusively to eighteen mammalian species 
(Table 1.2). The search was performed in ESTHER database against all protein 
sequences available (http://bioweb.ensam.inra.fr/ESTHER/general?what=index), 
using as query the amino acid sequence of hCES2, which is shown as the first entry of 
the table (see Appendice Table for the technical details concerning the search). The 
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sequence identities towards the used query, as well as additional information are 
provided. These include: protein accession numbers in ESTHER and UniProt 
databases; alternative protein entries (italicized); protein name and function 
information available at UniProt database; gene designation (italicized) when existing; 
GeneBank accession number; level of experimental evidence of protein existence; 
length of the full protein as well as the last four amino acids. The first non-mammalian 
hydrolase arising in the search is an uncharacterised protein from Anolis carolinensis, 
an American chameleon (class Reptilia), showing 50% amino acid sequence identity to 
hCES2, whereas hCES1 only appears later, with 46% identity towards the query (See 
Appendice Table).  
Genetic expression of hCES2 has been well documented, ranging from gene 
structure to the potential promoters involved in the transcription initiation in 
different human tissues (Wu et al. 2003). Moreover, 3 trancript variants of the gene 
(Schiel et al. 2007) as well as several single nucleotide polymorphisms (SNPs) have 
been documented (Wu et al. 2004; Kubo et al. 2005). Some of these, such as the 
IVS10-88 (interVening sequence, i.e., intron) SNP, were shown to decrease hCES2 




Table 1.2 CES2 protein across different species  
UniProt protein 
(gene) 
UNIPROT  ID % # AA 
Last 4 
AA 
ESTHER  GeneBank  Function 






100 559 HTEL human-2cxes Y09616.1 
Detoxification of xenobiotics and activation of ester 
and amide prodrugs. High catalytic efficiency for 
hydrolysis of cocaine, 4-MUBA, heroin and 6-
monoacetylmorphine (Pindel et al. 1997). 
Pan troglodytes (Chimpanzee)             
Uncharacterised 
protein 
H2QBA6 97 623 HTEL pantr-h2qba6 AACZ03102754.1 Hydrolase activity (evp: predicted). 






95 623 HTEL gorgo-g3qyw6 - Hydrolase activity (evp: predicted). 
Pongo abelii (Sumatran orangutan)             
Uncharacterised 
protein (CES2) 
H2NR54 93 623 HTEL ponab-h2nr54 - Hydrolase activity (evp: predicted). 
Nomascus leucogenys (Northern white-cheeked gibbon)       
Uncharacterised 
protein (CES2) 
G1QVW2 91 606 HTEL nomle-g1qvw2 ADFV01013581.1 Hydrolase activity (evp: predicted). 
Papio hamadryas (Hamadryas baboon)           
Ces2 B5TZ26 90 561 HTEL papha-b5tz26 FJ147179.1 
Hydrolase activity (evp: transcript level; Holmes et al. 
2009). 
Macaca mulatta (Rhesus monkey)             
Uncharacterised 
protein 




G7NQ39 88 543 HTEL macmu-g7nq39 CM001272.1 Hydrolase activity (evp: predicted). 











Hydrolase activity (evp: predicted). 





77 534 HTEL ailme-d2h9c9 
GL192596.1, 
ACTA01043044.1 
Hydrolase activity (evp: predicted; Li et al. 2010). 
Equus caballus (Horse)             
Uncharacterised 
protein (CES2) 
F7BJ10 77 579 HTEL horse-f7bj10 - Hydrolase activity (evp: predicted; Wade et al. 2009). 
Loxodonta africana (African bush elephant)           
Uncharacterised 
protein (CES2) 
G3TN98 76 554 HTEL loxaf-g3tn98 - Hydrolase activity (evp: predicted).  
Canis lupus familiaris (Dog)             
Uncharacterised 
protein (Ces2) 
F1P6W8 74 585 HTEL canfa-f1p6w8 - 
Hydrolase activity (evp: predicted; Lindblad-Toh et al. 
2005). 
Oryctolagus cuniculus (European rabbit)           
Uncharacterised 
protein 
G1TZV1 74 558 HTEL rabit-g1tzv1 AAGW02053044.1 Hydrolase activity (evp: predicted). 
Uncharacterised 
protein 
G1SJQ8 74 621 HTEL rabit-g1sjq8 AAGW02067905.1 Hydrolase activity (evp: predicted).  
Uncharacterised 
protein 
G1T6X7 74 558 HTEL rabit-g1t6x7 AAGW02053044.1 Hydrolase activity (evp: predicted).  
Uncharacterised 
protein 
G1TDR0 74 534 HTEL rabit-g1tdr0 AAGW02067906.1 Hydrolase activity (evp: predicted). 
Uncharacterised 
protein 
G1T7P3 73 532 HTEL rabit-g1t7p3 AAGW02053044.1 Hydrolase activity (evp: predicted). 
Uncharacterised 
protein 
G1T7Q5 73 561 HTEL rabit-g1t7q5 AAGW02053044.1 Hydrolase activity (evp: predicted). 
Uncharacterised 
protein 
G1SN51 72 561 HTEL rabit-g1sn51 
AAGW02067906.1 
AGW02067907.1 
Hydrolase activity (evp: predicted).  
Uncharacterised 
protein 





P14943 72 532 HTEL rabit-2cxes - 
Detoxification of xenobiotics and activation of ester 
and amide prodrugs (evp: protein level; Ozols 1989). 
Uncharacterised 
protein 
G1T6L1 71 528 HTEL rabit-g1t6l1 AAGW02053044.1 Hydrolase activity (evp: predicted). 
Rattus norvegicus (Brown rat)             
Ces2h (Ces2h) Q32Q55 73 558 HTEL ratno-q32q55 BC107806.1 
Carboxylesterase activity (evp: transcript level; Gibbs 
et al. 2004). 
LOC679149 protein Q4QR68 70 561 HTEL ratno-q4qr68 BC097486.1 Carboxylesterase activity (evp: transcript level). 
Carboxylesterase 5, 
isoform CRA_a (Ces2e) 
G3V7J5 70 557 HTEL ratno-phebest 
D50580.1, 
CH474006.1 
Hydrolase activity (evp: predicted; Gibbs et al. 2004). 
Ces2c (Ces2c) G3V9D8 70 561 HAEL ratno-pbcxe 
AB010635.1, 
CH473986.1 
Hydrolase activity (evp: predicted; Gibbs et al. 2004). 
Carboxylesterase 
(Ces2) 
O70177 69 561 HAEL ratno-sicxe AB010632 Carboxylesterase activity (evp: predicted). 
Ces2g (Ces2g) D3ZXQ0 67 560 HKEL ratno-d3zxq0 CH473972.1 




Q8K3R0 66 558 HAEL ratno-LOC246252 
NM_144743, 
AY034877 
Carboxylesterase activity (evp: transcript level; Gibbs 
et al. 2004). 
Ces2i (Ces2i) D3ZE31 66 559 HAEL ratno-d3ze31 - 
Carboxylesterase activity (evp: predicted; Gibbs et al. 
2004). 
Cavia porcellus (Guinea pig)             
Uncharacterised 
protein (CES2) 
H0V5V8 73 568 HTEL cavpo-h0v5v8 - Carboxylesterase activity (evp: predicted). 
Bos taurus (Aurochs)         
 
    
Carboxylesterase 2 
(intestine, liver; CES2) 
Q3T0R6 
(F1MU22) 
72 553 HTEL bovin-q3t0r6 
BC102288.1, 
AAFC03046191.1 
Carboxylesterase activity (evp: transcript level). 
Heterocephalus glaber (Naked mole rat)           
Carboxylesterase 2 G5BZE3 72 553 HAEL hetga-g5bze3 JH172552.1 Hydrolase activity (evp: predicted; Kim et al. 2011). 
Carboxylesterase 2 G5BP68 70 570 AAQE hetga-g5bp68 JH171227.1 Hydrolase activity (evp: predicted; Kim et al. 2011). 
Carboxylesterase 2 G5BP66 69 562 HAEL hetga-g5bp66 JH171227.1 Hydrolase activity (evp: predicted; Kim et al. 2011). 
Mus musculus (House mouse)             
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Ces2h (Ces2h) F6Z9B9 72 558 HKEL mouse-Ces2h 
AC166833.4, 
XM_488149.1 
Carboxylesterase activity (evp: predicted; Church et 
al. 2009). 
Ces2c (Ces2c) Q91WG0 71 561 HREL mouse-Ces2c 
BC015290.1, 
AC166833.4 
Carboxylesterase activity (evp: transcript level; 
Furihata et al. 2003). 
Uncharacterised 
protein (Ces2d-ps) 
D3YWM6 71 558 HREL mouse-Ces2d-ps - 
Hydrolase activity (evp: predicted; Church et al. 
2009). 
Ces2b (Ces2b) Q6PDB7 71 556 HTEL mouse-Ces2b BC058815.1 
Carboxylesterase activity (evp: transcript level; Mural 
et al. 2002). 
Carboxylesterase 5 
(Protein Ces2e) 
Q8BK48 70 559 HkEL mouse-Ces2e 
XM_134366, 
BC022148 
Carboxylesterase activity (evp: transcript level). 








protein (Ces2a; Ces6) 
Q3TMR2 
(E9Q3D0) 




Carboxylesterase activity (evp: transcript level).  
Cricetulus griseus (Chinese hamster)            
Carboxylesterase 2 G3IIG3 71 511 HGEL crigr-g3iig3 JH003006.1 Hydrolase activity (evp: predicted; Xu et al. 2011). 
Liver carboxylesterase G3IIG1 70 561 HKEL crigr-g3iig1 JH003006.1 Hydrolase activity (evp: predicted; Xu et al. 2011). 
Liver carboxylesterase G3I767 70 535 HKEL crigr-g3i767.2 JH001411.1 Hydrolase activity (evp: predicted; Xu et al. 2011). 
Liver carboxylesterase G3I766 69 561 HQEL crigr-g3i766 JH001411.1 Hydrolase activity (evp: predicted; Xu et al. 2011). 
Liver carboxylesterase G3I769 67 545 HAEL crigr-g3i769: JH001411.1 Hydrolase activity (evp: predicted; Xu et al. 2011). 
Mesocricetus auratus (Golden hamster)           
Carboxylesterase O35533 70 559 HQEL mesau-cxest2 D50577 
Carboxylesterase activity (evp: trancript level; Sone et 
al. 1994) 
Liver carboxylesterase Q64419 66 561 HSEL mesau-cxest D28566.1 
Detoxification of xenobiotics and activation of ester 
and amide prodrugs. (evp: transcript level; Sone et al. 
1994). 
ID - identity; #AA – protein length (number of aminoacids); evp – evidence of protein existence (according with UniProt 5 levels – see Apendice). 
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1.2 The tools to study carboxylesterases 
The study of CESs, such as their quantification and differentiation from other 
enzymes, may be performed through different techniques targeting expression levels, 
from gene to protein expression, by generating specific primers and antibodies 
(Sanghani et al. 2003; Morgan et al. 1994). Recently, simultaneous detection and 
quantification of hCES1 and hCES2 proteins by liquid chromatography coupled with 
tandem mass spectrometry (LC-MS/MS) was also shown to be possible (Sato et al. 
2012). A direct correlation between protein levels and enzyme activity is not always 
possible for these enzymes. Reports of both inability (Ross et al. 2012) and ability of 
performing such correlations (Sato et al. 2012) may be found in the literature. 
Different tools to evaluate CESs activity exist and have been reviewed, such as 
spectrophotometry, high-performance liquid chromatography (HPLC), and in-gel 
activity assays (Ross and Crow 2007). 
Carboxylesterase-mediated hydrolysis has been thoroughly studied and it is 
clear that many substrates have recognittion among different CESs as well as with 
other esterases. For example, p-nitrophenyl acetate (p-NPA), a classical CESs 
substrate, is hydrolysed not only by the different CESs but also by cholinesterases 
(Satoh and Hosokawa 2006). Even pharmacologically relevant compounds known for 
their higher specificities towards CES2, such as aspirin (Tang et al. 2006), irinotecan 
(Humerickhouse et al. 2000), and cocaine (Hatfield et al. 2010) are also hydrolysed by 
BuChE (Li et al. 2005). 
Due to this promiscuity in substrate hydrolysis, it is very difficult to 
differentiate a single carboxylesterase activity in samples containing multiple CESs or 
other esterases by simple spectrophotometric assays. A classic example is the late 
demonstration of the absence of CES activity in healthy human plasma through an in-
gel activity assay with different substrates and inhibitors for CESs, cholinesterases, 
and other enzymes (Li et al. 2005). Using a similar approach by combining activity 
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detection in the presence of certain substrates and inhibitors with protein detection 
through Western blot, it was recently proposed to be possible to characterise an 
individual’s liver in terms of CES profile (Ross et al. 2012). 
A different perspective in CES analysis may arise upon looking to more 
physiological relevant conditions such as protein localisation and/or activity in whole-
living cells, instead of analysing purified enzymes, cell lysates, or tissue homogenates. 
The importance of addressing how enzymes behave in living cells, where complex 
networks of protein interactions occur, is detailed in Section 1.3.1. Recent advances in 
whole-living cell analysis have been made for cytoplasmic membrane anchored 
enzymes with the use of fluorescent probes (Ferruzza et al. 2012). Evaluating the 
activity of these types of enzymes is by far an easier task than to quantify the activity 
of ER localised enzymes, as it is the case of the majority of CESs. Nonetheless, recent 
advances have been made, such as the development of specific CES fluorescent 
probes (Wang et al. 2011) that have been applied to live imaging of whole-living cells 
(Hakamata et al. 2011). 
The development of simple, fast, and reliable tools enabling the 
differentiation and quantification of different CESs expression and activity is thus a 
very active research field, where some controversial questions still remain. To 
develop and improve the methodologies, as well as to test new substrates and 
inhibitors that will also improve already existing methodologies, purified CES enzymes 
are needed, as they constitute an easier step towards the analysis of more complex 
samples, such as cell extracts and tissue homogenates. Insights into the latest 
advances in recombinant CES manufacturing are given in Section 3. 
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1.3 From drug metabolising enzymes to intestinal permeability models  
1.3.1 The importance of seeing both sides - The irinotecan pathway in a human 
organism as a case study 
Notwithstanding the importance of studying purified or recombinant enzymes, it is 
crucial to understand their behaviour in the most physiologically relevant level, 
meaning the environment where native enzymes exist. This may mean that studies 
involving cells and/or organisms may have to be performed. An example involves the 
metabolism of the chemotherapeutic drug irinotecan. As mentioned above, hCES2 
hydrolyses irinotecan into its active metabolite, SN-38. The enzymatic reaction has 
been characterised with purified enzyme (Humerickhouse et al. 2000), resulting in the 
determination of important kinetic parameters. Nonetheless, the pathway of 
intravenous-delivered (IV) irinotecan transport and metabolism in the organism is 
complex involving the interplay of a complex network of proteins (Figure 1.1) in 
different cellular compartments. Phase I metabolising enzymes, including CES and 
CYP3A family members, as well as Phase II enzymes, such as UGTs and the interplay 
with drug efflux pumps from the ABC family. Both CESs and BuChEs are able to 
hydrolyse irinotecan, with CESs being more efficient to convert to SN-38. Human CES2 
was shown to be one hundred-fold more efficient than hCES1, and hCES3 the least 
efficient (Humerickhouse et al. 2000). Due to the differences in the hCES1 and hCES2 
expression in the liver and intestine, hCES2 accounts for the majority of irinotecan 
activation in the intestine and kidney while hCES1 has an important function in the 
activation of this pro-drug in the liver (Hatfield et al. 2011). 
Irinotecan is inactivated through oxidation by CYP3A4/5 into aminopentane 
carboxylic acid (APC), M4, and primary amine metabolite (NPC; Santos et al. 2000; 
Innocenti et al. 2009). SN-38 is inactivated by UGT Phase II enzymes, namely 




Figure 1.1 Transport and metabolism networks: irinotecan pathway and the role of hCES2. Irinotecan, 
IV administered, is metabolised into its active metabolite, SN-38, in liver cells by Phase I enzymes hCES1 
and hCES2, and may be secreted throughout the ABCC1 active transporter. Irinotecan may also be 
oxidised into its inactive metabolites, APC, NPC and M4 by CYP3A enzymes. SN-38 may be further 
inactivated, through glucoronidation (SN-38G) by Phase II enzymes (UGT1A1, UGTA6, UGTA9, UGTA10) 
being ultimately eliminated from the organism through bile and urine. Secretion of irinotecan, SN-38 and 
SN-38G from the cell occurs through active transport (ABCC1, ABCB1, ABCC2 and ABCG2, members of ABC 
family of drug efflux proteins). Irinotecan is also metabolised in intestinal cells. SN-38 toxicity may include 
neutropenia and diarrhoea. Adapted and reprinted with permission from Macmillan Publishers Ltd: 
Nature Reviews Cancer (Scripture and Figg 2006), copyright (2006) and PharmGKB and Stanford 
University (Thorn et al. 2003), copyright to PharmGKB (2012). 
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Active transport of irinotecan, SN-38, and SN-38G to the extracellular space is 
facilitated by a few members from the ATP-binding cassette (ABC) family. Irinotecan is 
transported by ABCC1, ABCB1, and ABCC2; SN-38G is transported by ABCC2, and 
ABCG2; all of these may be involved in pumping SN-38 (Kweekel et al. 2008). 
The chemotherapeutic action of irinotecan is achieved through the binding of 
SN-38 to topoisomerase I (TOPO-1) during cell division, more specifically, during DNA 
replication. This complex, formed by SN-38 and TOPO-1, becomes blocked leading to 
the destruction of the DNA when the replication machinery clashes with it (Marsh and 
Hoskins 2010). Delayed-type diarrhoea and neutropenia, a decrease in neutrophils 
increasing the risk of infection (Ammann et al. 2012), are the most common toxic 
effects of irinotecan and their severity, reaching life-threatening cases, has been 
linked to some polymorphisms in certain genes, such as UGT1A1*28 (Marsh and 
Hoskins 2010; Innocenti et al. 2009; de Jong et al. 2007). 
Other examples of the interaction between different metabolic enzymes and 
efflux transporters have also been studied, such as the case of the interplay between 
P-glycoprotein (P-gp), multidrug resistance-associated protein 2 (Mrp2), CYP3A, and 
CES2 in the oral availability of vinorelbine, a pharmaceutical indicated for the 
treatment of some types of lung and breast cancer. Looking to these interactions in 
living cells or organisms may be crucial to better understand the reasons behind inter-
individual variability in oral dosing (Lagas et al. 2012).  
1.3.2 Intestinal permeability and metabolism overview 
Oral delivery is still the most common way of dosing drugs to the patients (Buckley et 
al. 2012). Every drug undergoes a series of transformations inside the organism that 
depends not only on the type of drug but also on the individual, due to the genetic 
variability found in humans. Overall, this path is refered to as the ADME (absorption, 
distribution, metabolism, and excretion) profile of a drug and involves many organs, 
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such as intestine, liver, and kidney, where different transformations may occur. It may 
be categorised in different stages, from Phase I-III. Phase I involves the modification 
of the compounds which may occur through oxidation or hydrolysis, for example. In 
Phase II, conjugation enzymes usually increase the hydrophilicity of the metabolised 
compound through the addition of a hydrophilic molecule, such as glucoronic acid, 
sulphate, or glutathione, to facilitate its elimination. Phase III involves the elimination 
of the compounds through active transporters (Huynh et al. 2009). Tissue distribution 
of these proteins has been previously reported (Nishimura and Naito 2006). Being the 
primary site for xenobiotic absorption and with an important function in drug 
metabolism (Shen et al. 1997), a special focus is devoted to the small intestine in the 
following sections. 
1.3.2.1 Architecture and function of intestinal epithelium 
The intestinal epithelium is found in two, the small and large intestine, of the four 
segments composing the gastrointestinal tract (GI). In the large intestine, the 
intestinal epithelium has a flat shape, punctuated with invaginations.  In the small 
intestine, it is composed of projections, the villi, and invaginations, the crypts of 
Lieberkühn (Figure 1.2). This different morphology is related with different functions 
of both segments, where the small intestine is mainly responsible for absorption and 
re-absorption of water is mainly performed by the large intestine. (Rizk and Barker 
2012; Dubreuil 2012; Vereecke et al. 2011). The intestinal epithelium protects the 
internal environment of the organ acting as a selective barrier, due to the tight 
junctions established between adjacent cells that also contribute to the integrity of 
the epithelial layer.  
There are different types of junctions characterised by their localisation and 
by the types of proteins involved. From apical to basolateral, one finds tight junctions 
followed by adheren junctions. These compose the apical junctions, involved in and 
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regulating the paracellular permeability, a type of transport occurring between cells. 
Gap junctions and desmosomes are the more basolateral types of junctions (Elamin et 
al. 2012; Ashida et al. 2011; Gumbiner 1996).  
Figure 1.2 Intestinal epithelium architecture and renewal. Intestinal epithelial cells differentiate as they 
migrate along the crypt-villus axis. Stem cells, housed at the crypt, give rise to the transient amplifying 
(TA) cells, which move forward originating the different intestinal epithelial cells. Fully differentiated cells 
reaching the tip of the villi enter programed cell death (apoptosis) being liberated into the lumen. Paneth 
cells are the exception cells migrating downwards. Adapted and reprinted with permission from Wiley 
Periodicals, Inc.: Wiley Interdisciplinary Reviews: Systems Biology and Medicine (Rizk and Barker 2012), 
copyright (2012). 
Mammalian intestinal epithelia are composed of different differentiated cell 
types: enterocytes (or absorptive cells), enteroendocrine, goblet, Paneth, Tuft, and M 
cells. All of these originate from transient amplifying cells (TA) which in turn derive 
from the stem cells housed at the base of the crypt. These cells differentiate along 
their migration path across the crypt-villus axis with a rapid renewal of 2-5 days. The 
exceptions are the Paneth and M cells which migrate towards the base of the crypt 
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(Dubreuil 2012; Vereecke et al. 2011; Nicoletti 2000). The majority of intestinal 
epithelium is composed of enterocytes, polarised cells specialised in absorption, 
bearing microvilli at their apical surface, also called the brush border membrane. 
Goblet cells are responsible for mucus production and are found both in small and 
large intestinal epithelia. Paneth cells are specialised in the production of 
antimicrobial factors being exclusive to the small intestine (Vereecke et al. 2011; 
Simon-Assmann et al. 2007). Enteroendocrine, Tuft, and M cells are less represented 
cell populations. The first are responsible for the secretion of diverse hormones thus 
contributing to the overall homeostasis of the epithelium. The functional significance 
of Tuft cells remains uncertain (Rizk and Barker 2012). M cells, present in both small 
and large intestinal epithelia, have defensive roles, being a route for the entry and 
contact between antigens (such as those from bacteria and virus) and the intestinal 
immune system (Nicoletti 2000). M cells have also been shown to be able to derive 
from differentiated absorptive enterocytes. In a curious experimental approach, fully 
differentiated enterocyte-like Caco-2 cells cultured in the presence of primary 
lymphocytes were converted into cells having M cell characteristics (Kernéis et al. 
1997). 
1.3.2.2 Enterocytes – permeability and metabolism 
Until reaching the systemic circulation, orally delivered therapeutics must cross the 
intestinal epithelium followed by the liver, through the hepatic portal vein. The 
exceptions, those not reaching the liver, are absorbed but directly enter the lymphatic 
system or are absorbed in the distal rectum (Shen et al. 1997). Oral bioavailability 
(Foral) corresponds to the fraction of dose that is absorbed (Fa) and not metabolised, 
crosses the intestinal epithelia to the hepatic portal vein (Fg) and not metabolised in 
the liver (Fh). Thus, the fraction of the administered drug that effectively reaches its 
site of action corresponds to the product of these three variables, a process also 
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known as first-pass biotransformation, where several metabolic enzymes and 
transporters are invovled (Thelen and Dressman 2009). 
The players involved in transport and metabolism in enterocytes have been 
extensively studied through several techniques. Different layers of expression and 
function, from genomics to metabolomics and transportomics have been thoroughly 
evaluated under various physiological conditions including inflammation (Stegmann 
et al. 2006; Fleet 2007; Béaslas et al. 2008; Romero-Calvo et al. 2011). Orally delivered 
xenobiotics, such as nutrients and drugs, have various routes to cross the intestinal 
epithelium (Figure 1.3). 
Figure 1.3 Intestinal absorption routes. Xenobiotic compounds may cross the intestinal epithelium 
through (1, 2, 3, 5, 6 and 7) or in between enterocytes (4). 1. Transcellular passive transport. 2. Active 
transport. 3. Facilitated passive diffusion. 4. Paracellular passive transport. 5. Efflux active transport. 6. 
Metabolic reaction. 7. Endocytosis. Reprinted with permission from Springer (Springer, Part of Springer 
Science+Business Media): The AAPS Journal (Balimane et al. 2006), copyright (2012). 
Intestinal absorption may occur through the intestinal cells or between cells 
and may involve the interplay of both transport proteins as well as metabolic 
enzymes. Passive absorption most commonly occurs through the cells, known as 
transcellular transport, where compounds are able to cross the cell membrane due to 
an adequate lipophylicity. Transport across channel proteins without energy 
expenses, known as facilitated diffusion or passive carrier-mediated absorption 
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(uniport), is another possibility. Absorption can also occur between cells, known as 
paracellular transport, where compounds transverse the junctions between cells.  
Drugs and other compounds may also be transported through the cells by 
endocytosis and active primary transport, utilising ATP, or active secondary transport, 
such as coupled carrier-mediated transport (symport or antiport). Efflux transporters 
are examples of active primary transporters and counter the apical to basolateral 
transport by the active transport of compounds towards the lumen of the intestine. 
They are members of the ABC family such as the breast cancer resistance protein 
(BCRP), P-gp and multidrug resistance-associated protein (MRP). Some Phase I 
metabolic enzymes, such as those from CYP and CES families, may metabolise the 
transported compound thus interfering with its absorption rate (Balimane et al. 2006; 
Buckley et al. 2012; Alberts et al. 2002). An example is the interplay between CYP3A 
metabolic enzymes and P-gp transport, where several drugs are substrates of both 
proteins (Christians et al. 2005; van Waterschoot and Schinkel 2011).  
The liver is the organ traditionally regarded as the primary site of drug 
metabolism. Nonetheless, the importance of intestinal metabolism should not be 
overlooked. It has been demonstrated that the majority of the metabolic enzymes 
found in liver cells are also present in the enterocytes. The enzymes found in small 
intestine have been extensively reviewed and include Phase I (CYP enzymes, with 
CYP3A4 being the most abundant; esterases; epoxide hydrolase; alcohol 
dehydrogenase) and Phase II (UGTs, sulfonotransferases, acetyl transferases, and 
glutathione S-transferases) metabolic enzymes (Bonnefille et al. 2011; Thelen and 
Dressman 2009; Lin et al. 1999; Shen et al. 1997). 
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1.4 Tools to study intestinal permeability and metabolism 
Several tools are available to evaluate intestinal permeability of drugs. Ranging from 
in vivo, in situ, ex vivo, in silico, and in vitro assays, they have been extensively 
reviewed in the literature (Cheng et al. 2008; Buckley et al. 2012; Volpe 2010; Geerts 
et al. 2011). The suitability of any given experimental model may be evaluated 
according to the accuracy of the in vitro-in vivo correlation (IVIVC) (Volpe 2010). No 
perfect model exists and the choice of which model(s) to use must rely on the 
knowledge of their main advantages and limitations. Several authors have proposed 
different strategies and outcomes on how to perform this choice (Fagerholm 2007; 
Christensen et al. 2012). Under the scope of this thesis, a brief overview of the 
possible approaches is performed with a special emphasis on in vitro models and 
Caco-2 cells. 
1.4.1 In vivo 
The usage of experimental or laboratory animal models constitutes the only whole 
living organism approach possible, besides the clinical studies performed with 
humans. Rat, dog, monkey, sheep, mouse, and pig are some of the most commonly 
used animals (Harrison et al. 2004; Fagerholm 2007; Cheng et al. 2008). 
In addition to the regulatory, ethical and economic constraints inherent to 
the use of animals (please refer to Section 1.4.6) another severe limitation arises from 
the demonstrated species differences that may affect the accuracy of the IVIVC (Crow 
et al. 2007; Williams et al. 2011). In fact, species differences may impact more than 
the extrapolation of absorption data to humans. An unfortunately notorious example 
is thalidomide, a mild sleeping pill that reduced morning sickness and was 
commercialized in the mid 1960’s. It caused the birth of several thousand impaired 
children although no defects had been previously noticed in rat newborns. It was later 
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discovered to impair the correct development of rabbit foetuses (Harrison et al. 
2004). 
1.4.2 In situ 
In the perfusion in situ technique, usually, a segment of the intestine of a numbed 
animal is perfused with a drug solution containing a predetermined concentration. By 
measuring the amount of drug that leaves the segment in the original or metabolised 
form, one may indirectly determine absorption. Different techniques were developed 
such as open, semi open, or closed perfusion (Lennernäs 1998; Volpe 2010). 
Perfusion models constitute the best approximation to the anatomy found 
in the living organ but require the usage of animals, their manipulation through 
anaesthesia and surgery, thus being an invasive, time consuming, and low throughput 
technique (Volpe 2010; Harrison et al. 2004). Resorting to animals, it shares the 
limitations of in vivo assays, mentioned above, using animal experimental models. 
1.4.3 Ex vivo 
In explant cultures, portions of the GI tissues are removed and cultured according to 
different methods and culture techniques (Randall et al. 2011). Two examples are the 
everted gut sac model and the diffusion chamber. In the first, a portion of everted 
intestine is filled, tied up and placed in a chamber containing the drug solution. The 
permeation of the drug is determined by measuring how much appears inside the sac. 
Different animals have been used for the application of this technique, with rat being 
the most common (Volpe 2010; Alam et al. 2012). In the diffusion chamber method, a 
portion of excised tissue is opened and cultured as a single layer in the interface of 
two chambers. The absorption rate is determined by measuring the amount of drug, 
placed in the apical chamber, found in the basolateral chamber (Volpe 2010). 
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Human or non-human animal tissue diffusion models maintain some of the 
characteristics encountered in the gut, such as the maintenance of the mucus layer. 
Nonetheless, several limitations may occur in this system such as the limited viability 
of the tissue and the stirring conditions. Underestimation of drug transport may occur 
due to the insufficient removal of the muscularis mucosa, the inner most layer of the 
mucosa (composed of the epithelium, lamina propria, and muscularis mucosa) and 
the region of the intestine that faces the lumen (Volpe 2010; Randall et al. 2011; Alam 
et al. 2012). 
1.4.4 In silico 
Computer software to perform physiologically-based pharmacokinetic (PBPK) 
modelling has been suggested as one of the best possibilities towards animal 
reduction for predicting drug ADME profiles (Harrison et al. 2004). Different 
predictive models exist and their potential have been previously reviewed (van de 
Waterbeemd and Gifford 2003; Theil et al. 2003). Commercially available software 
including SimCYP® Population-based ADME simulator and GastroPlus™ are examples 
of the existing possibilities to perform PBPK modelling that are already being used by 
pharmaceutical companies, such as Roche (Heikkinen et al. 2012). 
There is an increased acceptance of these types of studies due to their 
associated advantages: the costs are inexpensive compared to in vivo studies; they 
have been reported to provide qualitatively accurate predictions, despite the need for 
improved quantitative accuracy (Jacob et al. 2009); and they allow time savings 
(Heikkinen et al. 2012). Relying on available parameters, obtained through  both in 
vivo and in vitro experimentation, a general disadvantage is the quality of the existing 
data used to perform the modelling studies (Harrison et al. 2004; Fagerholm 2007). 
Another disadvantage of this approach has been the lack of validated prediction of 
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intestinal metabolism but different researchers are working towards improving it 
(Heikkinen et al. 2012).  
1.4.5 In vitro 
1.4.5.1 Non-cellular models 
Non-cellular models constitute simple, automatable, and highthroughput adaptable 
systems. They are usually less expensive and faster than cellular in vitro models, due 
to the avoidance of the culturing times, allowing larger pH ranges and drug 
concentrations. They are, however, unsuited for active transport studies and lipophilic 
compounds usually face membrane retention problems. Examples of these systems 
are the parallel artificial membrane permeability assay (PAMPA) and the phospholipid 
vesicle-based permeation assay (PVPA). The first is obtained through the coating of a 
hydrophobic filter, in 96-well plates, with an organic solution containing 
lecithin/phospholipids. PVPA is composed of a layer of liposomes in a porous filter 
where the pores are also filed with liposomes. These have been reported as the most 
effective systems for passive absorption studies through the transcellular route. 
Higher accuracy has been attributed to the PVPA method due to the avoidance of 
organic solvents and an apparent negligible unstirred water layer (Balimane et al. 
2006; Volpe 2010; Buckley et al. 2012).  
1.4.5.2 Cellular models 
Cellular models exist for the study of intestinal absorption and have been recently 
reviewed (Buckley et al. 2012; Sarmento et al. 2012). Primary cultures of enterocytes 
may be obtained through the differentiation of intestinal embryonic epithelial cells or 
isolated from adult human intestine. The first human villus-like primary culture of 
differentiated enterocytes (PCDE), able to survive for ten to twelve days in culture, 
was reported in 1998 (Perreault and Beaulieu 1998). Several limitations have impaired 
the routine use of normal human enterocyte primary cell lines, such as their limited 
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survival time, highly differentiated state, bacterial contamination, overgrowth of 
other cells from the tissue including mesenchymal cells, and very complex protocols 
for cell culturing (Simon-Assmann et al. 2007; Chougule et al. 2012). Advances in this 
field have been recently reported, in terms of improvements on reproducibility and 
less complex isolation methods (Chougule et al. 2012). The application of these new 
advances in absorption studies is yet to be performed.  
The most common cell culture models are immortalized intestinal epithelial 
cell lines from human or non-human animal origins (Simon-Assmann et al. 2007; 
Beaulieu and Ménard 2012; Chougule et al. 2012). Other cell culture models are non-
transformed intestinal epithelial cells, such as the rat small intestine epithelia (IEC) 
cell line, able to differentiate when co-cultured with foetal intestinal mesenchyme 
(Simon-Assmann et al. 2007). Animal or human derived cellular models enable the 
study of different types of permeability, such as passive diffusion (both transcellular 
and paracellular) and active transport including efflux mechanisms. A main advantage 
is the possibility to automate screens, thus constituting highthroughput techniques. 
Nonetheless, some of their pitfalls are the variability found between laboratories 
(inter-laboratory), the lack of expression of several transport proteins as well as a 
mucus layer, the nonspecific binding of compounds to the cells and to the devices 
used in cell culturing, and the poor predictability for those compounds crossing the 
cell by carrier-mediated transport or via the paracellular route (Balimane et al. 2006; 
Volpe 2010).  
Table 1.3 summarises the most common cell lines used for intestinal 




Table 1.3 Advantages (+) and limitations (-) of immortalized intestinal epithelial cell lines  
Cell line Species / Tissue Characteristics 
Caco-2 
Human / Colon 
adenocarcinoma 
 + Human origin; spontaneous differentiation becoming 
enterocyte-like cells; domes formation in culture; expression of 
eflux transporters (e.g. P-gp, MRP2, BCRP). 
    
 - Tumour origin thus bearing mutations in several genes; inter-
laboratory variability; heterogeneous cell line; time-consuming 
(differentiation through a 21-days period); requires regular 
medium change; possibility of false negative results in drug 
permeability, due to lower expression of some carrier-mediated 
transporters and tighter junctions (paracellular transport), 
comparing with enterocytes; lack CYP3A4 expression to 
significant levels (high in enterocytes); low expression of hCES2 
and high expression of hCES1 (opposite of what is found in 
enterocytes).   
HT-29 
Human / Colon 
adenocarcinoma 
 + Human origin; differentiation becoming enterocyte-like cells 
under certain conditions (e.g. glucose-deprivation, glucose 
substitution by galactose, inosin or uridine as carbon source). 
Under certain culture conditions they differentiate into goblet 
cells, enabling drug absorption studies in the presence of a 
mucus layer. 
    
 - Tumour origin thus bearing mutations in several genes; lower 
expression of brush-border enzymes than enterocytes or Caco-
2 cells. 
MDCK Canine / Kidney 
 + Shorter culturing times (3 days); Good correlation with Caco-
2 cells in passive transcellularly transported compounds; 
Ameanable for cell transfections. 
    
 - Non-human origin; minimal metabolic activity (may be 
advantageous if metabolism is not a focus of the study); low 
expression of ABC transporters (may be advantageous; e.g., 
avoid P-gp efflux). 
2/4/A1 Rat / Foetal intestine 
 + More suitable for paracellular studies due to leakier 
monolayers formation. 
     - Non-human origin; temperature sensitive. 
LLC-PK1 Pig / Kidney  + Ameanable for cell transfections. 
  
 - Non-human origin; Low expression of certain drug 
transporters (may be advantageous). 
Balimane and Chong 2005; Balimane et al. 2006; Cheng et al. 2008; Irvine et al. 1999; Buckley et al. 2012; 




Caco-2 cells, isolated from a colon adenocarcinoma (Fogh et al. 1977), were 
shown to spontaneously differentiate in culture (Pinto et al. 1983). Since their first 
characterisation studies (Ramond et al. 1985; Rousset 1986; Hidalgo et al. 1989), they 
have become the most well-established cell model for intestinal permeability in 
addition to their application in intestinal differentiation studies. Sub-clones of this cell 
line were selected with TC-7 being a more homogeneous Caco-2 cell line, leading to 
higher consistency in the obtained results, thus reducing their variability (Simon-
Assmann et al. 2007; Buckley et al. 2012). In Section 1.5, additional attention is 
devoted to Caco-2 cells. 
HT-29, isolated in 1964 by Fogh, was the first human colon carcinoma cell 
line established. Curiously, this cell line has the ability to differentiate into different 
cell types depending on the culture conditions: under glucose deprivation, it acquires 
enterocyte-like characteristics; in serum-free culture, half of the population acquires 
goblet cells characteristics; upon long-term culture in the presence of sodium 
butyrate the cells differentiate into goblet cells and the same happens in the presence 
of intermediate (10-6-10-5 mol.L-1) concentrations of the drug methotrexate (MTX); in 
the presence of high concentrations (10-4-10-3 mol.L-1) of MTX, only enterocyte-like 
cells are found; if low concentrations (10-7 mol.L-1) of this drug are present in the 
culture media, the population becomes half enterocyte-like and half globet-like. This 
plasticity has led to the isolation of different HT-29 sub-clones, such as the HT29-MTX 
mucous secreting cell line (Simon-Assmann et al. 2007).  
Mardin-Darby canine kidney (MDCK) cells and Lewis lung carcinoma-porcine 
kidney 1 (LLC-PK1) are cell lines commonly used to assess permeability of xenobiotics 
(Balimane and Chong 2005). MDCK cells were isolated in 1958 by Mardin and Darby 
and were immortalized through long-term in vitro culture (Bruyneel et al. 1990). LLC-
PK1 were isolated in 1976 and shown to be able to form dome-like structures (Hull et 
al. 1976). Special attention should be devoted to these cell lines as well as to the 
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2/4/A1, a rat foetal intestinal cell line conditionally immortalized with a temperature-
sensitive SV40 large T antigen (Tavelin et al. 1999), due to possible species differences 
(Balimane and Chong 2005). 2/4/A1 cell line has been proposed as representative for 
studying paracellular transport; however, differences in paracellular pore size 
distribution have been reported in comparison with what is found in enterocytes 
(Ungell 2004; Linnankoski et al. 2010).  
One of the critics of working with isolated single-cell cultures is the lack of 
physiological relevance due to the lack of interplay between cells that is found in vivo. 
As detailed in Section 1.3.2, the small intestine epithelium is composed of different 
cell types. Strategies to account for this diversity in vitro have been developed such as 
the co-culture of Caco-2 and HT-29, Caco-2 and Burkitt’s lymphoma-derived cell line 
(Raji), and even a triple co-culture system with these three cell lines (Sarmento et al. 
2012). Raji cells are a human B-cell reference line, isolated in 1964 from a patient 
suffering from lymphoma. Curiously, it is on the basis of the discovery and isolation of 
the Epstein-Barr virus (Pulvertaft 1964; Wu et al. 2004b; Karpova et al. 2005). As 
mentioned in Section 1.3.2, lymphocytes have the ability to convert Caco-2 into M 
cells. The co-culture of Caco-2 with Raji cells allows a better mimic of follicle-
associated epithelium, regions of the intestinal epithelium containing enterocytes, M, 
and goblet cells (des Rieux et al. 2007; Sarmento et al. 2012). Some other co-culture 
strategies trying to mimic the relationships between cells, even from different tissues 
in the organism, have already been reported such as the co-culture of enterocyte-like 
Caco-2 cells, with hepatocyte-like HepaRG cells (Rossi et al. 2012).  
1.4.6 The need for improved in vitro models 
As demonstrated in the previous sections, where the main limitations of the currently 
existing methods were presented, there are several scientific reasons pointing to the 
need to improve them to reduce the use of animal models. In fact, it was previously 
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stated that the extent of in vivo experimental animals’ usage is a consequence of both 
regulatory constraints and the limitations in currently available in vitro models 
(Schroeder et al. 2011).  
Achieving better in vitro tools to test drugs and other xenobiotics alleviates 
ethical and economic concerns. The ethical reasoning behind the need of adjusting 
the usage of animal models have led to the adoption by the European regulatory 
authorities of the 3R policy: Replace, Reduce, or Refine laboratory animal use when 
possible (Wells 2011; Schiffelers et al. 2012). This is included in the measures of the 
new European Directive 2010/63/EU that will be in effect on the 1st of January of 2013 
(Wells 2011). Aligned with the political regulations, the Scientific Advisory Committee 
of European Centre for the Validation of Alternative Methods (ECVAM) has 
contributed to the development, promotion, and adoption of new or improved 
alternatives to in vivo methods (Huynh et al. 2009). Although there is an increased 
pressure to minimise the usage of animal models, its prohibition in the drug 
development process is not envisioned in the near future (Schroeder et al. 2011). 
However, the Cosmetics industry is regulated by different legislation, and the usage of 
animals for testing final products has been prohibited in Europe since 2004. The 
banning is expected to be extended to cosmetic ingredients, at least for certain 
assays, in the near future, providing that new or improved in vitro testing are 
developed and validated (Schroeder et al. 2011).  
In economic terms, there is also the need to rethink and readjust the use of 
experimental animals in the process of drug discovery and development, for example. 
Latest estimations for the costs involved in the research and development (R&D) 
process of developing one marketable new molecular entity (NME) required investing 
US$ 1.78 billion to complete the process (Paul et al. 2010). In 2003, the estimations 
were US$ 403 million (DiMasi et al. 2003), and although differences between the 
estimation methods may be arguable, there is no doubt concerning the escalation of 
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the needed investment. These have been mainly attributed to the increase in the 
costs of clinical trials, as well as in costs involved in animal experimentation. Although 
clinical trials constitute the highest burden in the entire process, the costs attributed 
to animal testing are also a reason for concern (Dickson and Gagnon 2004). Therefore, 
improved in vitro models may decrease the investment in the development of new 
drugs.  
1.5 Caco-2 cell line 
Caco-2 cell line is one of the most used in vitro model for drug absorption prediction 
and is widely used by the pharmaceutical industry (Buckley et al. 2012) since it is 
accepted and recommended by the North-American regulatory authorities, the Food 
and Drug Administration (FDA), and the European authorities, the European 
Medicines Agency (EMA). Nonetheless, and as mentioned in the previous sections, 
this model has some limitations related with its intrinsic characteristics as well as the 
practiced cell culture methods.  
Caco-2 cells are known to be hypertetraploid (Pinto et al. 1983), having on 
average 89 (84-98) chromosomes. Spectral karyotyping revealed fourteen aberrant 
chromosomes in the Caco-2 karyotype (Melcher et al. 2002).  
Caco-2 cells are known to express both colonocyte and enterocyte 
phenotypes (Engle et al. 1998). Special attention has been devoted to the changes in 
gene expression occurring throughout the differentiation period. Using transcriptome 
analysis and comparing both enterocytes and colonocytes, it was shown that until 
reaching confluence, Caco-2 share mRNA profile similarities with both cell types, and 
thereafter becoming more and more similar to enterocytes (Anderle et al. 2003). 
Moreover, it was also found that upon differentiation, down-regulation of cell cycle, 
transcription and protein metabolism associated genes occured whereas the 
expression of cell adhesion, iron transport, and Phase II metabolism genes increased 
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(Bédrine-Ferran et al. 2004; Chopra et al. 2010). Changes in post-translational 
modification profiles, namely due to differences in glycosyltransferase expression, 
were also reported upon differentiation of the cells (Brockhausen et al. 1991) as well 
as in the metabolic profile of the cells, as evaluated through nuclear magnetic 
resonance (NMR; Lee et al. 2009). 
One of the main disadvantages with Caco-2 cells is the intra- and inter-
laboratory variability found in the results. The factors on the basis of this variability 
were previously studied (Zucco et al. 2005; Hayeshi et al. 2008; Prieto et al. 2010; 
Roth 2012). Table 1.4 shows some examples of each of these factors. So far, there is 
no standard operating procedure to work with these cells although several methods 
and conditions aiming to achieve the best culturing conditions were proposed 
(Hubatsch et al. 2007; Prieto et al. 2012; Natoli 2012). One may envision the best 
approach to be exploring the provided culturing methods throughout the literature, 
establish a protocol, and consistently reproduce it using a well characterised Caco-2 
cell line in a specific and characterised passage interval. The characterisation of the 
cells may be achieved through protein and mRNA analysis or the use of reference 
compounds during permeability experiments. Based upon this notion, it was 
demonstrated that independent of cell source and culturing conditions, Caco-2 is the 
in vitro cell model genetically closest to human enterocytes (Christensen et al. 2012). 
Recently, advances towards the achievement of more relevant physiological 
conditions were performed by showing that Caco-2 cells in 2-D cultures are able to 
differentiate in inserts containing only serum in the basolateral chamber (Ferruzza et 









Different cell banks provide Caco-2 cells from different depositers causing inter-
laboratory variability in the results even when using intra-laboratory standard 
culturing conditions (Hayeshi et al. 2008). 
 - DMSZ bank; cat.# ACC 169: deposited by Prof. A. Bacher, Technical University of 
Munich, Munich, Germany (http://www.dsmz.de/catalogues/catalogue-human-and-
animal-cell-lines.html). 
 - ECACC bank; cat.# 09042001: from ATCC, 1985; cat.# 86010202: deposited by Dr. J 
Clarke, AVRI, Pirbrigh (http://www.hpacultures.org.uk/collections/ecacc.jsp). 
 - ATCC bank; cat.# HTB-37™: deposited by J Fogh, 1977; cat.# CRL-2102™: deposited 
by MD Peterson and M Mooseker (http://www.lgcstandards-atcc.org/). 
Passage 
number 
 - Influences the expression of efflux proteins: MDR1 expression was lower in Caco-2 
cell above passage 45 in comparison with passage 30 (Siissalo et al. 2007). 
 - Influences different functional properties: TEER; cell proliferation rate, and 
multilayered areas increase at higher passages. Sucrose-isomaltose expression 
increases and alkaline phosphatase activity decreases also at higher passages 




 - Variable growth rates reported; should be adjusted to sub-culturing once a week 
(Zucco et al. 2005). 80% considered as a good confluence for sub-culturing but 
recent reports argue lowering to 50% to avoid heterogeneus growth conditions 















) reported as suitable for 21-day differentiation. 
Higher or lower densities reported as negatively influencing P-gp expression. Higher 
seeding densities may lead to multilayer formation (Sambuy et al. 2005). 
Medium 
 - Different medium reported from AMEM, DMEM to RPMI and different FBS 
percentages. Better performance was reported with DMEM using 10% FBS (Zucco et 
al. 2005). Usually additional supplementation with 1% NEAA is performed. 
 - Caco-2 originally from same source shown to have significant differences in drug 
metabolising enzymes when cultured in AMEM or DMEM (Roth et al. 2012). 
 - Hygromycin B antibiotic impacts cell adherence, monolayer integrity and cell 
morphology (Crespi et al. 1996; Rodolosse et al. 1998). 
Incubation 
conditions 
 - 37 °C is the standard temperature used; reported CO2 % varies from 5-10%; it 
should be adjusted to the concentration of sodium bicarbonate in the medium to 
achieve pH 7.4 according to Henderson-Hasselbach equation: pH = 6.1 + log (52 * 
mg/ml NaHCO3 / %CO2 -1) (Castilho et al. 2008). 
Filter support  
 - Filter material and pore size influence Caco-2: polycarbonate and pore diameter of 
0.4 μm reported as better for monolayer achievement (Hubatsch et al. 2007). Pore 
size has been reported as impacting dome formation (Ramond et al. 1985). 
Cat.# - catalogue number; DMSZ - Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures; 
ECACC - European Collection of Cell Cultures; ATCC - American Type Culture Collection; AMEM - Minimum Essential 
Medium Alpha; DMEM - Dulbecco’s Modified Eagle’s Medium; RPMI - Roswell Park Memorial Institute medium; FBS – 
Foetal bovine serum; TEER - Trans-epithelial resistance. NEAA – Non-essential aminoacids. 
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To improve the intrinsic limitations of Caco-2 cells (presented in Section 1.4.5) 
several strategies have been employed to increase or decrease the expression of 
various proteins. Using chemical agents such as 1-alpha,25-dihydroxyvitamin-D3, the 
CYP3A4 expression levels were increased (Schmiedlin-Ren et al. 2001). Using BNPP, an 
inhibitor of CESs, a model for permeability evaluation without active CESs was 
achieved (Ohura et al. 2010). Genetic manipulation of Caco-2 cells has also been 
attempted, not only for the up-regulation of genes, but also for their knockdown, 
such as the case of Caco-2 transduction with small hairpin RNA (shRNA) targeting P-gp 
(Li et al. 2011). 
1.6 Thesis goals 
The main goals of the work developed and presented in this thesis were to enlarge 
the fundamental knowledge on hCES2 and to improve the Caco-2 cell model by 
increasing the levels of this enzyme, which is crucial in the metabolism of ester 
containing drugs and prodrugs.  
To achieve the proposed goals, a step-wise approach was followed, where a 
journey from analytical chemistry to protein manufacturing and cell line development 
culminates in the opening of several new hypothesis and challenges for this research 
field, discussed in greater detail in the last section.  
The first challenge in this journey, described in Section 2, was the difficulty of 
studying the activity of hCES2 in biological samples. The existing techniques allowing 
the differentiation and quantification of the activity of hCES2 were highly time- and 
sample-consuming. Our first goal was to develop a tool enabling to differentiate and 
quantify hCES2 activity in different biological samples rapidly and with low sample 




The second challenge faced was the unavailability of a purified hCES2 from 
human cells. Although an hCES2 form was available from mouse myeloma cells, our 
goal was to further investigate the properties of hCES2 produced and purified from a 
human origin. To achieve this goal, a pioneering strategy, described in Section 3, was 
followed using human embryonic kidney (HEK-293T) cells.  
The combined knowledge acquired through the work developed allowed 
tackling the third challenge: the improvement of the most widely used intestinal 
permeability model, the Caco-2 cell line. Although used by both academia and 
industry and accepted by pharmaceutical regulatory authorities, this cell model has 
weaknesses. Our third goal, detailed on Section 4, was to overcome one of these 
constraints, the low expression of hCES2 in comparison with human enterocytes. 
Overall, the work reported herein impacts different research fields ranging 
from fundamental to applied biology and biotechnology as well as analytical 
chemistry, specifically contributing to the fields of xenobiotic metabolising enzymes 
and relevant preclinical in vitro models. 
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Carboxylesterases (CESs) are important enzymes for xenobiotic metabolism and are 
receiving increased attention in the context of cancer therapies. Quantification of 
individual CES activity is important since protein levels do not always correlate to 
activity and significant inter-organ, inter-individual, and interspecies variations exist.  
The purpose of this study was to develop an analytical method to quantify the relative 
activities of CESs in biological samples. Taking advantage of loperamide, a selective 
carboxylesterase 2 (CES2) inhibitor, and bis-p-nitrophenyl phosphate (BNPP), an 
irreversible CESs inhibitor, a capillary electrophoresis (CE) method that enables 
detecting and distinguishing CES2 activity from other CESs in complex biological 
samples is proposed for the first time. The capillary electrophoresis method proved to 
be fast, simple, repeatable, and applicable to the measurement of the specific activity 
of CESs. The method was successfully applied to the evaluation of human cells 
overexpressing human CES2 (hCES2) and to several mammalian sera, using extremely 
small amounts of samples in comparison with traditional spectrophotometric 
methods. The same rationale can be applied to establish methods for determining the 
activity of other esterases, using the appropriate specific inhibitors or substrates. 
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Mammalian carboxylesterases are α,β-hydrolase folded proteins involved in the 
efficient hydrolysis of xenobiotics and endogenous ester- or amide-containing 
compounds (Satoh and Hosokawa 1998; Satoh and Hosokawa 2006; Xie et al. 2002). 
The classification of these enzymes is difficult due to the large number of isoenzymes, 
complex tissue distribution, and overlapping substrate recognition (Satoh and 
Hosokawa 2006; Liederer and Borchardt 2006). The most recent classification of 
mammalian CESs categorises these enzymes into five subfamilies, from CES1 to CES5, 
according to their sequence homology (Satoh and Hosokawa 1998; Williams et al. 
2010). Also, CES nomenclature was recently revisited, as explained in Section 1 
(Holmes et al. 2010). 
Carboxylesterases merit close attention because of their important functions 
in the detoxification of narcotics and other drugs, metabolism of pyrethroids, and 
prodrug activation (Hicks et al. 2009; Holmes et al. 2009). Several studies have been 
conducted to compare the enzymatic activities of the different CESs in mammals, due 
to the implications that these differences may have for (pre)clinical results (Xie et al. 
2002; Li et al. 2005; Jewell et al. 2007a; Williams et al. 2011). 
More recently, these enzymes have gained additional attention in the cancer 
treatment area. It has been discovered, for example, that the levels of some 
isoenzymes are different in certain tumours: human carboxylesterase 1 (hCES1) 
protein levels have been found to be increased in patients suffering from 
hepatocellular carcinoma (Na et al. 2009). Moreover, a correlation was established 
between hCES2 expression in solid tumours and the activation of the anticancer 
prodrug Irinotecan (CPT-11), and this has led to the investigation into 
enzyme/prodrug strategies with the goal to target expressed hCESs to tumours prior 
to the treatment with the prodrug (Xu G et al. 2002; Hatfield et al. 2008). Human 
carboxylesterase 2, the major human intestinal CES, thus attracts considerable 
Analytical methodology development for CES2 activity evaluation 
 53
attention. It has been suggested that, prior to the treatment of human lung cancer 
cells with CPT-11, it is crucial to check if the cells express this enzyme (Satoh and 
Hosokawa 2006). 
Considering the current trends, it becomes evident that fast, reliable, 
economical, and easy to perform analytical methods, enabling the evaluation of CES2 
activity, will be needed for routine application in the near future. There are currently 
several ways to assess hCES2 expression levels and activities (Ross and Borazjani 
2007), such as simple spectrophotometric (Crow et al. 2007), native in-gel hydrolysis 
(Ross and Crow 2007), Western blot (Kubo et al. 2005), real-time polymerase chain 
reaction (RT-PCR; Jewell et al. 2007a), and Northern blot assays (Zhu et al. 2000). A 
simple spectrophotometric assay enables one to quantify total CESs activity, but does 
not identify the relative activity of each specific CES in a complex biological sample or 
enzyme mixture since the majority of cases results in overlapping absorbance when 
inhibitors are used. A native in-gel hydrolysis assay allows one to distinguish the 
activities of the different CESs in complex biological samples, but only estimates on 
protein quantity are possible. With Western blot assays it is possible to detect specific 
proteins using appropriate antibodies, but only estimates concerning enzymatic 
activity or protein quantity are possible. RT-PCR and Northern blot assays enable one 
to quantify and detect, respectively the analysis of mRNA expression profiles; again, 
no information concerning enzyme activity is obtained (Ross and Borazjani 2007). As 
reported before, the protein levels of CESs do not always correlate with their activity 
levels (Ross and Crow 2007). As CESs are promiscuous enzymes with overlapping 
substrate recognition, it becomes difficult to attribute a specific activity to one 
isoenzyme in complex protein samples such as cellular extracts, serum, or other 
biological samples (Ross and Crow 2007; Adam et al. 2003). Accordingly, the classical 
substrate used for CES activity, p-nitrophenyl acetate (p-NPA), is also hydrolysed by 
cholinesterases, thus constituting an example of the substrate recognition of these 
enzymes. This overlapping substrate recognition often leads to contradictions in the 
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literature (Satoh and Hosokawa 2006); in 2005, it was clearly demonstrated that 
human healthy plasma does not contain CES activity (Li et al. 2005). 
In this work, a new analytical methodology is provided for the CES field, which 
involves the use of several substrates and inhibitors enabling the identification and 
quantification of CES2 activity in complex biological samples. Capillary electrophoresis 
was chosen as the separation technique since simple spectrophotometric assessment 
is precluded due to overlapping absorbance between some substrates and inhibitors. 
Capillary electrophoresis is a powerful separation technique that has established itself 
as an alternative to chromatographic techniques (Elbashir et al. 2010). Capillary 
electrophoresis advantages rely on the reduced electrolyte and sample needs, the low 
cost of the capillaries, in comparison with the high-performance liquid 
chromatography (HPLC) columns, faster method development, and versatility (Fleury-
Souverain et al. 2009). Nonetheless, HPLC can still be used with the proposed 
methodology. The method was successfully applied to the quantification of CES2 
activity in transfected cell extracts and animal sera, and the same rationale can be 
quickly extended to the study of other enzymes and/or substrates in other biological 
samples. 
2.2 Materials and Methods 
2.2.1 Enzymes and reagents 
Carboxylesterase 1 enzyme (esterase from porcine liver) was acquired from Sigma 
(Buchs, Switzerland); butyrylcholinesterase (BuChE) from equine serum and 
acetylcholinesterase (AcChE) from electric eel were also from Sigma (St. Louis, U.S.A.). 
Recombinant hCES2 was from R&D Systems, Inc. (Minneapolis, U.S.A.). 
All reagents were analytical grade or higher. 4-Methylumbelliferyl acetate (4-
MUBA) (≥98%), 4-methylumbelliferone (4-MUB) (≥98%), p-NPA (>99%), procaine 
hydrochloride (>97%), p-aminobenzoic acid (p-ABA) (>99%), Trizma hydrochloride 
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(>99%), and Trizma base (>99.9%) were from Sigma (St. Louis, U.S.A.). S-
Butyrylthiocholine (BuTCh) iodide (≥99%) and acetylthiocholine (AcTCh) iodide (≥99%) 
were also from Sigma (Buchs, Switzerland). Loperamide hydrochloride (analytical 
grade) was from Fluka (Seelze, Germany), whereas bis-p-nitrophenyl phosphate 
(BNPP) (>99%) and potassium chloride (≥99.5%) were from Aldrich (Steinheim, 
Germany). Potassium dihydrogen phosphate (≥99%), disodium tetraborate (≥99.5%), 
and ethanol (99.5%) were all from Panreac (Barcelona, Spain); dimethyl sulfoxide 
(DMSO) (95%) was from Lab-Scan (Dublin, Ireland), and sodium dihydrogen 
phosphate (>99%) was from Merck (Darmstadt, Germany). 
2.2.2 Instrumentation 
CE detection was performed using a Beckman Coulter (Palo Alto, U.S.A.) P/ACE MDQ 
capillary electrophoresis system equipped with a diode array detector. A fused silica 
capillary (Agilent; Santa Clara, U.S.A.) with 75 μm i.d., and 42 cm total length (32 cm 
to detector) was used. 
The capillary was housed in a standard cartridge and maintained at 25 
o
C 
during all experiments. The sample tray was kept at 15 
o
C to minimize solution 
deterioration. Injections were conducted hydrodynamically, at 0.2 psi for 10 s, with 
cathodic migration. Separations were performed at constant current (+70.0 μA). UV 
absorption was measured at 230 (thiocholines), 254 (p-ABA), 280 (procaine), 350 (4-
MUB) and 400 nm (p-nitrophenol (p-NP)). 
Each new capillary was pretreated with sodium hydroxide 0.1 mM, rinsed 
with Milli-Q water, and conditioned with background electrolyte solution (BES), 30 
mM borate-phosphate buffer (30 mM disodium tetraborate, 30 mM sodium 
dihydrogen phosphate; pH 8.0; Tang et al. 2007), at a pressure of 5.0 psi for 20 min 
each, for a total of 60 min. This procedure was repeated at the end of each day. The 
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capillary was conditioned between all runs, by a short sequence (30 s each) of this 
procedure. 
Data acquisition, storage, and analysis were performed using P/ACE MDQ 
version 7.0. All the injected solutions used were diluted in equal proportion (50% v/v) 
of ethanol as the samples to be analysed. 
2.2.3 Preparation of human cell extracts  
Human embryonic kidney cells (HEK-293T; ATCC CRL-11268) were transfected as 





 and transfected, on the following day, at 60-80% of cell 
density with polycation polyethylenimine (PEI; Polysciences; Eppelheim, Germany) 
using 16 μg/mL of pDEST26-CES2 plasmid vector (vector map in Appendice) in a 1:3 
ratio of plasmid DNA and PEI. pDEST26-CES2 plasmid vector was acquired from 
imaGENES (Berlin, Germany) with hCES2 (geneID 8824) cloned into pDEST26 plasmid 
(Invitrogen; Carlsbad, U.S.A.). 
Cells were harvested 48 h after transfection and chemically lysed with M-PER 
mammalian extraction reagent (Pierce Biotechnology; Rockford, U.S.A.). The 
supernatant, obtained by centrifugation at 10,000g for 10 min at 4 
o
C, was stored at   
-20 
o
C without the addition of protease inhibitors. Total protein concentration was 
determined using bicinchoninic acid (BCA) protein assay kit (Pierce Biotechnology), 
according to the manufacturer’s instructions. 
2.2.4 Serum preparation 
Human, domestic cat, bovine, domestic dog, and equine sera, from one individual 
each, were collected without the addition of anticoagulants (Li et al. 2005; 
Christensen and Stalker 1991). Samples were stored at 4 
o
C for 24 h and centrifuged 
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2.2.5 Enzymatic assays and inhibition studies 
The enzymatic activity reactions were performed in a final volume of 150 μL, under 
substrate saturation conditions (0.5 mM of 4-MUBA). The addition of each reaction 
component was performed in ice, and unless otherwise stated, reactions were 
undertaken at 37 
o
C for 8 min, accounting enzyme reaction linearity. Purified and/or 
recombinant enzymes, cells extracts, and serum were diluted in 50 mM Tris-HCl 
buffer (pH 7.4).  
 Stock solutions of the substrates were prepared in ethanol, and stock 
solutions of the inhibitors were prepared in DMSO. The organic solvent percentage in 
the final reaction volume never exceeded 5% (v/v). A mixture of 90 mM KH2PO4 and 
40 mM KCl (pH 7.3) was used as the reaction buffer (Pindel et al. 1997). 
The inhibition studies were performed by pre-incubation with loperamide 
(0.25 mM) or BNPP (0.5 mM) at 37 
o
C for 15 or 10 min, respectively. The enzymatic 
reactions were stopped by the addition of an equal volume of ethanol and 
centrifuged at 10,000g for 10 min before analysis. 
All samples were injected in triplicate, and average results are presented 
throughout the text. Intermediate precision was determined by pooled standard 
deviation, based on replicate independent assays preformed in three different days in 
two different concentrations and in the presence and absence of inhibitor. Mean t 
tests were performed for evaluation of the statistical significant differences (p = 0.01) 




2.3 Results and Discussion 
2.3.1 Capillary electrophoresis method development 
There are several methods for the determination of CES activities described in the 
literature, ranging from spectrophotometric (Hatfield et al. 2008) to HPLC (Ross and 
Borazjani 2007) and native in-gel hydrolysis assays (Ross and Borazjani 2007); 
nonetheless, CESs activities appear not to be previously analysed by CE. 
There are substrates known to be selective for each CES. As an example, 
temocapril is hydrolysed by hCES1 but not by hCES2 (Jewell et al. 2007a); in contrast, 
procaine has been shown to be hydrolysed by hCES2 but not by hCES1 (Takai et al. 
1997). Several efforts have been made to identify specific inhibitors that enable 
separation of the activities of different CESs (Ross et al. 2006; Crow et al. 2010; 
Wadkins et al. 2005), and there is also an effort to develop new assays that enable the 
evaluation of inhibitors (Wang et al. 2011). An analytical method was developed for 
the selective measurement of CES2 activity in any biological sample. The goal was to 
have a simple, fast, and reliable analytical tool that would enable evaluation of 
different biological samples. For method development, 4-MUBA was used as a 
substrate, because of its higher stability than the classical CES substrate p-NPA. 4-
MUBA is a general CES substrate, and is routinely used in native in-gel hydrolysis 
assays (Ross and Borazjani 2007; Crow et al. 2007; Ross et al. 2006), and we have 
found that cholinesterases do not hydrolyse 4-MUBA (data not shown). 
To our knowledge, 4-MUBA and its hydrolysis product, 4-MUB, have not been 
previously analysed using CE, and therefore we proceeded to develop a method 
optimised for this substrate. When borate-phosphate buffer at pH 8.0 is used, in the 
CE method, 4-MUB presents an absorbance maximum at 350 nm and has a migration 
time of about 4.0 min (Figure 2.1). 4-MUBA was not detected. Equipment response 
was linear for 4-MUB at least in the range of 23.4 μM to 1.5 mM (R
2
 = 0.999). 
Arbitrary absorbance units were converted to concentration using commercially 
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available 4-MUB, as standard. The theoretical limit of detection (13.7 μM) was 
calculated based on the residual standard deviation of the calibration curve and a 
signal-to-noise ratio of 3.3. The limit of quantification (23.4 μM) was chosen from the 
lowest calibration point where the coefficient of variation of repeatability (CVr) was 
still under 10% (n=3). CVr was obtained in the indicated range, 23.4 μM to 1.5 mM 4-
MUB, specifically at 1.5 mM and 750, 375, 187.5, 93.8, 46.9, and 23.4 μM. If higher 
sensitivity is needed, 4-MUB has the advantage of being fluorescent, and thus, using 
the appropriate detectors, detection and quantification limits can be further 
improved.  
Besides being specific for CESs and since 4-MUBA is not a cholinesterase 
substrate at the concentrations used, this methodology was found to be compatible 
with other esterase substrates such as p-NPA, procaine, BuTCh and AcTCh, and their 
corresponding products p-NP, p-ABA, and thiocholine (TCh), respectively (Figure 2.1). 
Therefore, the extension of this method to the detection and quantification of the 
activity of other enzymes may be easily performed. Nonetheless, care should be taken 
as, for instance, procaine was already shown to be hydrolysed by BuChE (Yuan et al. 
2007). 
2.3.2 Evaluation of esterase enzymatic activities by CE 
Carboxylesterases, AcChEs, and BuChEs are classified as type-B esterases 
(Aldridge 1953). As previously stated, these enzymes not only show overlapping 
substrate recognition such as CES2 and BuChE both hydrolysing CPT-11, but they also 
co-localise in several tissues, such as plasma, intestine, and kidney of several 
mammals (Liederer and Borchardt 2006). The method was further developed for the 
ability to discriminate CES2 activity from these other enzymatic activities. Commercial 
CESs (CES1 and hCES2 recombinant enzyme) and cholinesterases (BuChE and AcChE) 




















Figure 2.1 a) Electropherograms of substrates, products, and inhibitors detected by CE. 0.25 mM 4-
MUB, 0.5 mM p-NP, 0.1 mM p-ABA, 0.1 mM procaine, 0.5 mM BuTCh, 0.5 mM AcTCh, and 0.25 mM BNPP 
in a silica capillary 75 µm x 42 cm, 25 
o
C, using hydrodynamic injections (0.2 psi for 10 sec). Separation 
was at +70.0 µA with cathodic migration. b) Maximum absorption wavelengths and migration times. 
N.d. Not detected. (*) BNPP is also detected at 350 nm.  
Compound Wavelength (nm) Migration time (min) 
4-MUBA N.d. 
4-MUB 350 4.0 
BNPP 280* 4.8 
Loperamide N.d. 
p-NPA N.d. 
p-NP 400 6.0 
Procaine 280 2.2 
p-ABA 254 6.8 
AcTCh 230 2.0 
BuTCh 230 2.0 
TCh 230 2.5 
A 
B 
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For testing 4-MUBA hydrolysis by commercial cholinesterases, 50 ng of each 
enzyme were incubated in the same conditions as used for CESs. Additionally, 
cholinesterases were also tested using 0.5 and 1 mM of BuTCh and AcTCh substrates 
(Figure 2.3b and 2.4). Only CESs were able to hydrolyse the substrate as no significant 
difference was detected between the spontaneous hydrolysis of 4-MUBA and the 
hydrolytic activity of the cholinesterases (data not shown).  
To distinguish specific hCES2 activity from the activity of the other CESs we 
propose the use of the hCES2 selective inhibitor loperamide (Jewell et al. 2007b). 
Although BuChE and AcChE did not hydrolyse 4-MUBA, some biological samples may 
contain other enzymes that could metabolise this substrate. For this reason, we 
evaluated BNPP, an irreversible inhibitor specific for CESs (Tanino et al. 2008; Eng et 
al. 2010). 
Figure 2.2 Commercial CES activity toward 4-MUBA in the presence and absence of inhibitors. 12.5 ng 
of CES1 or 50 ng of hCES2 enzymes were incubated with 0.5 mM 4-MUBA in a total reaction volume of 
150 μL. Mixtures of the two enzymes included mix 12.5 / 50 (12.5 ng of CES1 and 50 ng of hCES2) and mix 
12.5 / 25 ng (12.5 ng of CES1 and 25 ng of hCES2). Pre-incubation with 0.25 mM loperamide or 0.5 mM 
BNPP was performed when appropriate. The spontaneous hydrolysis of 4-MUBA is also shown. Each 
result represents the average of three injections, and error bars represent the standard deviation. A * 
represents a statistical significant difference (p = 0.01) between the enzymatic activities in the presence 
(grey or dashed bars) and in the absence (black bars) of the inhibitor, based on standard deviation of 













Figure 2.3 Electropherograms of incubation mixtures. a) 12.5 ng of CES1 and 50 ng of hCES2 enzyme 
reactions were detected by CE at 350 nm. 4-MUBA (0.25 mM) spontaneous hydrolysis was also detected 
at the same wavelength. b) 50 ng of BuChE and 50 ng of AcChE enzyme reactions using BuTCh (0.5 mM) 
and AcTCh (0.5 mM), respectively, were detected by CE at 230 nm. The substrates (0.5 mM) spontaneous 
hydrolysis was also detected at the same wavelength. 
Taking advantage of these two cheap and commercially available inhibitors, 
the relative activity of CES2 can be determined in any biological sample. BNPP also 
absorbs at 350 nm, and therefore classical spectrophotometric enzymatic assays 
cannot be used. As different biological samples may contain different amounts of 
esterases or hCES2, we decided to use high amounts of each inhibitor to ensure that 
A 
B 
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maximum inhibition is achieved. Lower amounts of inhibitors can be used as 











Figure 2.4 BuChE and AcChE activities. 50 ng of each enzyme were incubated with 1 mM BuTCh or AcTCh, 
respectively, in a total reaction volume of 150 µL. Pre-incubation with 0.25 mM of loperamide was 
performed when appropriate. Each result represents the average of three injections and the error bars 
represent the standard deviation. A * represents a statistical significant difference (p = 0.01) between the 
enzymatic activities in the presence (grey bars) and in the absence (black bars) of the inhibitor, based on 
standard deviation of intermediate precision. 
In the developed CE method the BNPP absorption spectrum shows a 
maximum at 280 nm. Despite the fact that it is also detected at 350 nm, the migration 
time of this inhibitor (4.8 min) does not overlap with that of 4-MUB (4.0 min; Figure 
2.1); thus, 4-MUB can be quantified by CE in the presence of BNPP. Using BuChE, 
AcChE, and their respective substrates BuTCh and AcTCh (Tecles and Cerón 2001), we 
could observe that loperamide does inhibit both enzymes (Figure 2.4).  
Using the described CE method, we could also detect thiocholine (the 
hydrolysis product of both substrates) at 230 nm as well as both substrates at the 
same wavelength. Substrates and thiocholine migration times do not overlap, being 
completely distinguishable (2.0 min for both substrates and 2.5 min for thiocholine, in 





Figure 2.5 Commercial CESs activities towards 4-MUBA in the presence and absence of 50 µM of 
loperamide. 25 ng of CES1 and 25 ng hCES2 enzymes were incubated with 0.5 mM of 4-MUBA in a total 
reaction volume of 150 µL. Pre-incubation with 50 µM of loperamide was performed when appropriate. 
The spontaneous hydrolysis of 4-MUBA is also shown. Each result represents the average of three 
injections and error bars represent the standard deviation. A * represents a statistical significant 
difference (p = 0.01) between the enzymatic activities in the presence (grey bars) and in the absence 
(black bars) of the inhibitor, based on standard deviation of intermediate precision. 
According to available published data (Pindel et al. 1997; Nishi et al. 2006), 
hCES2 shows a higher catalytic efficiency, defined as kcat/(kdif*(KM + [S])) (Ceccarelli et 
al. 2008), toward 4-MUBA than hCES1, but our data is suggesting the opposite. This 
may simply be due to species differences, to differences in assay conditions, or to 
differences in enzymes sources. In the described catalytic efficiency formula, besides 
the enzymatic kinetic parameters, KM (Michaelis-Menten constant) and kcat (rate 







[S] (substrate concentration) are considered. This has been presented as a more 
correct way of evaluating the performance of different enzymes acting on the same 
substrate, than the simple kcat/KM specificity constant (Ceccarelli et al. 2008).  
As expected, loperamide completely inhibited the activity of hCES2 but not 
commercial CES1 (Figure 2.2). On the other hand, the activities of both CESs were 
completely inhibited by BNPP. We were not expecting to observe CES1 inhibition in 
the presence of loperamide (Jewell et al. 2007b), but Figure 2.2 disproved this 
expectation. The IC50 and Ki values for these enzymes were previously reported 
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(Quinney et al. 2005; Williams et al. 2011), showing a dramatic difference between 
the sensitivity of the enzymes toward loperamide inhibition. In fact, the Ki for hCES2 is 
practically 1,000 times lower in comparison to the one for hCES1. Thus, this 
unexpected inhibition verified in CES1 enzyme can be easily overcome by reducing 
loperamide concentration. We further confirmed this by testing the same 
concentration of each enzyme with a lower concentration of loperamide, 50 μM. We 
observed that no significant inhibition is detected in CES1, whereas hCES2 is 
completely inhibited (Figure 2.5). 
In order to demonstrate the ability of the method to distinguish between 
hCES2 and CES1, we mixed the two enzymes (50 or 25 ng of hCES2 with 12.5 ng of 
CES1) and performed the same set of assays, ensuring substrate saturation conditions 
(Figure 2.2). As expected, the incubation of BNPP with both mixtures completely 
inhibited enzymatic activity. The incubation of each mixture with loperamide caused a 
decrease in the relative percentage of activity to the same levels, in both mixtures. 
Although the protein levels of CESs do not always correlate with their activity 
levels (Ross and Crow 2007), the proposed methodology enables revealing the 
relative activities of the enzymes, through the use of the different inhibitors. Other 
techniques, such as Western blots, estimate the amount of an enzyme in a biological 
sample but do not provide any information concerning their activity. On the other 
hand, native in-gel hydrolysis assays permit the detection of enzyme activities, but no 
direct protein quantification is possible. 
This methodology also offers the possibility to determine specific enzyme 
activities. For this, one has to follow classical enzymatic study rules like ensuring that 
the assays are performed in the linear range of the enzymatic reaction and the 
substrate is not at a limiting concentration. In fact, we have quickly determined the 
linear range of enzymatic reaction for CES1 enzyme (data not shown). In this way, 
there is no need to appeal to other methodologies usually used, such as 
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spectrophotometric methods, to determine these parameters. The intermediate 
precision of the method was determined (CVi = 12.8%) for two different CES1 
concentrations (25 and 12.5 ng) in the presence and in the absence of one of the 
inhibitors (loperamide) on three different days. 
Using the same rationale, the different types of assays that can be performed 
are unlimited. It is worth noting that the inhibition of BuChE and AcChE by loperamide 
does not interfere with the detection and/or quantification of hCES2 activity in 
biological samples as we also saw that BuChE and AcChE do not hydrolyse 4-MUBA. 
2.3.3 Carboxylesterase 2 activity determination in complex biological samples 
To demonstrate its potential, this methodology was applied to several different 
biological samples, with different complexities. Human carboxylesterase 2 activity was 
analysed in extracts from human cells that were transfected with hCES2 to evaluate 
the specific activity of the enzyme. Since HEK-293T human cell line only has basal 
expression of esterases (Xie et al. 2002), the original cells have also been analysed as 
a control. The linear range of the reaction was assayed and the specific activity of 
hCES2 was determined both in the overexpressing as well as in the original cells 
(Figure 2.6).  
Total protein in each sample was determined, and all the assays were 
performed using the same total protein amount. This methodology enabled the use of 
extremely low amounts of protein, from 3 to 6 μg (Figure 2.6), whereas in classical 
spectrophotometric assays, the minimum protein amount used in similar assays is 20 
μg (Xie et al. 2002), and in native in-gel hydrolysis assays, it reaches 30 μg of total 
protein amount of tissue extracts (Ross and Crow 2007). We are thus able to use 
almost 7 times less protein compared to the other methods. 










Figure 2.6 Human carboxylesterase 2 specific activity in HEK-293T transfected cells. HEK-293T cells 
transfected with hCES2 and non-transfected cells extracts were incubated with 0.5 mM 4-MUBA in a total 
reaction volume of 150 μL. An amount of 6 μg of total protein was used in each experiment. Pre-
incubation with 0.25 mM loperamide or 0.5 mM BNPP was performed when appropriate. The 
spontaneous hydrolysis of 4-MUBA is also shown. Each result represents the average of three injections, 
and error bars represent the standard deviation. A * represents a statistical significant difference (p = 
0.01) between the enzymatic activities in the presence (grey or dashed bars) and in the absence (black 
bars) of the inhibitor, based on standard deviation of intermediate precision. 
By evaluating the obtained data, it was possible to conclude the specific 
activity of hCES2 was increased 15-fold in the transfected cells. In addition, as 
reported, basal expression of esterases is detected in this cell line. Comparing the 
specific activities obtained in the presence of loperamide and in the absence of the 
inhibitor for the transfected cell line it can be concluded that hCES2 activity accounts 
for 93% of the total specific activity of these transfected cells. 
The methodology was further applied in the evaluation of a more complex 
matrix in terms of enzyme activity. Different mammalian sera, which are known to 
contain different types and amounts of esterases (Satoh and Hosokawa 1998; 
Liederer and Borchardt 2006; Tecles and Cerón 2001) were chosen. The serum from 
one individual of human, bovine, equine, domestic dog, domestic cat, and rat species 
were thus tested. Using 10% (v/v) of serum of each mammal consistent results were 
obtained for the CESs relative activities (Figure 2.7) to the ones described in the 
Section 2 
 68
literature (Li et al. 2005). In fact, we did not observe any CES activity in human or 










Figure 2.7 Mammalian sera activities toward 4-MUBA in the presence and absence of inhibitors. An 
amount of 10% (v/v) of serum from one individual of each mammalian species was incubated with 0.5 
mM 4-MUBA in a total reaction volume of 150 μL. Pre-incubation with 0.25 mM loperamide or 0.5 mM 
BNPP was performed when appropriate. The spontaneous hydrolysis of 4-MUBA is also shown. Each 
result represents the average of three injections, and error bars represent the standard deviation. A * 
represents a statistical significant difference (p = 0.01) between the enzymatic activities in the presence 
(grey or dashed bars) and in the absence (black bars) of the inhibitor, based on standard deviation of 
intermediate precision. 
In human serum, for example, we can detect esterase activity that is not 
inhibited by loperamide or BNPP as no significant statistical difference (p = 0.01) is 
observed between the enzymatic activities obtained in the presence and absence of 
inhibitors. It is known that human plasma contains four types of esterases, namely, 
BuChE, AcChE (present in negligible amounts only), paraoxonase, and albumin (Li et 
al. 2005). We thus hypothesise that the esterase activity detected in human serum is 
due to one or several of the enzymes that can possibly hydrolyse 4-MUBA but that are 
not CESs. In fact, albumin is known to hydrolyse this substrate (Crow et al. 2007). 
Nonetheless, the method proves unaffected by basal activity due to esterases other 
Analytical methodology development for CES2 activity evaluation 
 69
than CESs, with inhibition by BNPP and by loperamide being valuable indicators of 
CESs and CES2 activity, respectively.  
Assuming loperamide inhibits CES2-like enzymes from mammalian species as 
well as it inhibits hCES2, we determined the specific activities of CES2 and total CESs 
in the different mammals in the linear range of the enzymatic reaction of each serum 
(Table 2.1). Carboxylesterase 2 activity was detected and quantified in equine, rat, 
and cat sera. In fact, in equine serum it is apparently the only CES present.  
The highest CES2 activity is observed in rat serum; on the contrary, dog serum 
shows no significant CES2 activity. Once again, our results are consistent with the 
trends reported in the literature (Li et al. 2005). One should note, however, that our 
purpose is to demonstrate that we achieve quantifiable and consistent values of 
specific CES2 activities with our proposed methodology. A deeper evaluation of the 
CESs present in each mammalian serum would require a higher number of individuals 
per species. 
Table 2.1 Specific activity of CES2 enzymes in mammalian sera a 
 nmol 4-MUB . min
-1
 . serum % 
-1
 
Species total serum  CES2 other CESs 
Equine 0.25 ± 0.01 0.13 ± 0.01 N.D. 
Dog 0.10 ± 0.01 N.d. 0.05 ± 0.01 
Rat 1.07 ± 0.10 0.82 ± 0.07 0.16 ± 0.03 
Cat 0.62 ± 0.07 0.40 ± 0.04 0.06 ± 0.02 
Bovine 0.60 ± 0.13  N.d. N.d. 
Human 0.60 ± 0.05 N.d. N.d. 
a 
Specific activities were determined using 0.5 mM 4-MUBA as described before. Amounts of 10% (v/v) of 
equine, dog, human, and bovine serum, 1% (v/v) rat serum, and 2.5% (v/v) cat serum were used, to cope 
with the linear range of the enzymatic reactions. Pre-incubation with 0.25 mM loperamide or 0.5 mM 
BNPP was performed when appropriate. The spontaneous hydrolysis of 4-MUBA was accounted. Each 
result represents the average of three injections (± standard deviation). N.d.: not detected. 
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To quantify esterase activity and to distinguish CES2 activity from other CESs, 
we propose the following steps depicted in Figure 2.8. Starting with an unknown 
sample, an appropriate dilution must be determined in order to detect or to quantify 
the specific activity of CES2. This can be achieved with 4-MUBA or another substrate 
hydrolysed by CES2. The ability of an unknown sample to hydrolyse 4-MUBA indicates 
that it contains esterases able to hydrolyse this substrate; if no activity is detected, 
the presence of CES2 activity can be excluded and the analysis terminated. 
Confirmation of activity exclusively due to carboxylesterases is performed in the 
presence of BNPP, which inhibits these enzymes. If no activity is detected in this step, 
no CESs are present, and thus analysis will be ended. The analysis of the enzymatic 
activity in the presence of loperamide enables one to discriminate and quantify the 
activity of CES2. Loperamide inhibits CES2 but not other CESs, and therefore CESs 
activities other than CES2 can be determined by the difference between the 
inhibitions observed using BNPP and loperamide. 
Figure 2.8 Flow diagram for CES2 activity identification and determination. 
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2.4 Conclusions 
Capillary electrophoresis was used for quantification of CESs activities. The 
methodology proved fast, repeatable, and requires up to 7 times less sample, than 
classical spectrophotometric methods. Moreover, this approach proved to be 
applicable even when substrates and products absorb at the same wavelength. 
The proposed methodology should be applicable to a wide variety of samples 
with esterase activity. For example, the analysis and determination of CES1 exclusive 
activity would only imply the replacement of loperamide by a specific inhibitor of this 
enzyme such as the partially noncompetitive inhibitor 27- hydroxycholesterol (Tanino 
et al. 2008). For the analysis of the activities of other esterases, appropriate 
substrates and inhibitors should be used. 
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Human carboxylesterase 2 (hCES2), the main carboxylesterase expressed in human 
intestine, is an increasingly important enzyme in anti-cancer combined therapies for 
the treatment of different pathologies like colon adenocarcinoma and malignant 
glioma. The production of human recombinant CES2, in human embryonic kidney cells 
(HEK-293T cells) using serum-free media, is herein described. Carboxylesterase 2 
secretion to the media was achieved by the simple addition of an in-frame C-terminal 
10× histidine tag (CES2-10xHis) without the need for additional N-terminal signal 
sequences or the mutation or deletion of the C-terminal HTEL motif responsible for 
retaining the protein in the lumen of endoplasmic reticulum. This secretion allowed a 
four-fold increase in hCES2 production. The characterisation of human recombinant 
CES2 showed this protein exists in additional active and inactive forms than the 
described 60 kDa monomer. 
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Carboxylesterase 2 (CES2) is one of the most abundant carboxylesterases (CESs) in 
humans (Crow et al. 2007; Satoh and Hosokawa 2006; Schwer et al. 1997). 
Mammalian CESs are a subset of esterases (Liederer and Borchardt 2006) able to 
hydrolyse ester containing drugs and prodrugs as well as pesticides such as 
pyrethroids (Hicks et al. 2009; Holmes et al. 2009). These enzymes are present in 
diverse tissues such as the liver, testis, small intestine, kidney, and lung, intra or 
extracellularly depending on the species (Holmes et al. 2009; Satoh and Hosokawa 
2006).  
Human CESs are not found in the plasma (Li et al. 2005). They are located 
intracellularly due to the existence of a C-terminal retention sequence composed of 
four conserved amino acid residues: HTEL, QEDL, and HIEL for hCES2, 
carboxylesterase 3 (hCES3) and carboxylesterase 1 (hCES1), respectively. This motif 
enables the retention of CESs in the lumen of the endoplasmic reticulum (ER; Holmes 
et al. 2010; Satoh and Hosokawa 2006). In humans, hCES2 is found at highest levels in 
the liver and intestine (Schwer et al. 1997; Crow et al. 2007). It is described as being a 
very unstable 60 kDa monomeric enzyme (Ross and Borazjani 2007; Pindel et al. 
1997). 
Carboxylesterase 2 is receiving increased attention due to its potential role in 
anti-cancer therapies for the treatment of different pathologies such as colon 
carcinoma (Oosterhoff et al. 2002) and malignant glioma (Tyminski et al. 2005). Also, 
it has been recommended to monitor hCES2 expression levels before the treatment 
of human lung cancer with specific drugs, such as Irinotecan (CPT-11; Satoh and 
Hosokawa 2006). Carboxylesterase 2 has also been used in combined enzyme–drug 
therapies, where tumour specific activation (Oosterhoff et al. 2002) enables drug 
dosage reduction and consequently the decrease of its severe adverse side effects 
(Uchino et al. 2008). 
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To date, only one human CES crystallographic structure is available. The 
human carboxylesterase 1 structure, known since 2003, showed that this enzyme is 
found as active trimers composed of approximately 60 kDa monomers, but the 
enzyme was also shown to exist as hexamers. In fact, through crystallographic and 
atomic force microscopy (AFM) studies, hCES1 was shown to exist in trimer–hexamer 
equilibrium. This equilibrium can be shifted towards the trimer or the hexamer 
depending on the substrate present (Bencharit et al. 2003). Moreover, hCES1 was also 
shown to be active as dimers (Takai et al. 1997). Not as much is known about hCES2, 
which, before the present work had only been demonstrated to be active in its 
monomeric form (Vistoli et al. 2010). A better knowledge of hCES2 and other hCESs 
structural features will be crucial for the understanding of their properties as well as 
the well-described similarities and differences in their behaviour towards different 
substrates and inhibitors (Bencharit et al. 2003; Fleming et al. 2005). 
The recombinant expression of different CESs, from rodents to humans, has 
been reported in the literature, using yeast (Morton and Potter 2000; Lange et al. 
2001), insect (Morton and Potter 2000; Sun et al. 2004; Schiel et al. 2007;Wadkins et 
al. 2005), and mammalian cells (Morton and Potter 2000; Uchino et al. 2008; Xie et al. 
2002). Moreover, different purification strategies have been applied (Morton and 
Potter 2000; Sun et al. 2004), with the most rapid and versatile being immobilized 
metal affinity chromatography (IMAC; Williams et al. 2008; Bornhorst and Falke 2003; 
Waugh 2005). Recombinant protein production using mammalian cells is becoming 
increasingly frequent, as they are able to perform post-translational modifications, 
unlike what occurs in prokaryotes. The usage of transient gene expression systems is 
a valuable tool for decreasing the manufacture time. The choice of the mammalian 
cell line is a key feature in this process. Presently, the most used mammalian cell lines 
for large scale gene expression of recombinant proteins are Chinese hamster ovary 
(CHO) and human embryonic kidney (HEK-293) cells (Pham et al. 2006). This work 
describes and characterises the manufacturing of human recombinant CES2 using 
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suspension adapted HEK-293T cells. Carboxylesterase 2 is shown to be secreted by 
the addition of an in-frame C-terminally localised 10× histidine tag, without the need 
of additional N-terminal signal sequences or the modification or deletion of the ER 
retention sequence. Moreover, the purification of human recombinant CES2 and its 
further characterisation through biochemical techniques unravelled new fundamental 
features, the presence of oligomeric active and inactive forms. 
3.2 Materials and Methods 
3.2.1 Materials 
Carboxylesterase 1 enzyme (esterase from porcine liver) was from Sigma (Buchs, 
Switzerland). Endoglycosydase H (Endo H) enzyme was from Roche (Mannheim, 
Germany). N-glycosidase F (PNGase F) was from Prozyme (Hayward, U.S.A.). 
Ribonuclease B (RNase B) was from Sigma (Schnelldorf, Germany). 
4-Methylumbelliferyl acetate (4-MUBA) (≥98%), 4- methylumbelliferone (4-
MUB) (≥98%), Trizma hydrochloride (>99%), Trizma base (>99.9%), Tris-buffered 
saline (p.a.) and imidazole (≥99.5%) were from Sigma (St. Louis, U.S.A.). Potassium 
chloride (≥99.5%), brefeldin A (99.9%) and bis-p-nitrophenyl phosphate (BNPP) 
(>99%) were from Aldrich (Steinheim, Germany). Sodium acetate (≥99.0%) and 
loperamide hydrochloride (p.a.) were from Fluka (Seelze, Germany). Potassium 
dihydrogen phosphate (≥99%), disodium tetraborate (≥99.5%) and ethanol (99.5%) 
were from Panreac (Barcelona, Spain). Sodium chloride (≥99.5%), disodium hydrogen 
phosphate (≥99.5%), sodium dihydrogen phosphate (>99%), methanol (≥99.9%), 
albumin fraction V (≥98.0%), nickel sulphate (extra pure), Tween 20 (for synthesis) 
and skim milk (for microbiology) were from Merck (Darmstadt, Germany). Dimethyl 
sulphoxide (95%) was from Lab-Scan (Dublin, Ireland). Stock solutions of substrates, 
products and inhibitors were prepared in ethanol. Milli-Q water (Direct-Q 3 UV 
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ultrapure water purification system from Millipore; Billerica, U.S.A.) was used for the 
preparation of all working and buffer solutions. 
3.2.2 Cells and media 
Human embryonic kidney cells (HEK-293T; ATCC CRL-11268) were maintained in 
suspension cultures using 125-mL Erlenmeyer flasks (Corning; Amsterdam, The 
Netherlands), with 20 mL of FreeStyle 293 Expression Medium (serum free, animal 
origin free, chemically defined) from Gibco (Grand Island, U.S.A.), at 37 °C in a 
humidified atmosphere containing 8% (v/v) CO2 in air, using orbital agitation (130 
rpm). Cells were routinely sub cultured twice a week, using an inoculum of 0.5×106 
cell.mL-1. Cell concentration and viability were determined with a Fuchs–Rosenthal 
counting chamber (Marienfeld; Lauda-Königshofen, Germany) using trypan blue 
(Gibco; Carlsbad, U.S.A.) staining. 
3.2.3 Plasmids 
For the generation of pCI-neo-CES2 and pCI-neo-CES2-10xHis mammalian expression 
vectors, human CES2 gene (geneID 8824) and human recombinant CES2 gene 
synthetically synthesized with a C-terminal 10xHis tag (GeneArt; Regensburg, 
Germany) were cloned, respectively, in pCI-neo plasmid (Promega; Madison, U.S.A.) 
using SalI and NotI restriction endonucleases (New England Biolabs; Ipswich, U.S.A.). 
For the formation of a full transcript containing the C-terminal histidine tag, the stop 
codon of CES2 gene was deleted. Both constructs were fully sequenced to verify the 
integrity of CES2 gene. Production and purification of both expression vectors were 
performed and evaluated according to standard molecular biology techniques. 
3.2.4 Human recombinant CES2-10xHis protein production 
For the establishment of the best transfection conditions, HEK-293T cells were 
transiently transfected with pCI-neo-CES2 or pCI-neo-CES2-10xHis plasmids in 500 mL 
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Erlenmeyer flasks, containing 90 mL of FreeStyle 293 Expression Medium. Briefly, cells 
were seeded at 1×106 cell.mL-1 and allowed to grow for 3 to 6 h. Chemical transient 
transfection was performed with polycation polyethylenimine (PEI; Polysciences; 
Eppelheim, Germany). Different plasmid DNA concentrations were tested: 2, 5, 10 
and 20 μg.mL-1. Plasmid DNA and PEI were used in a 1:3 ratio and prepared in 10% of 
the total volume of used media. Cell growth and viability was followed throughout a 
time period of 96 h. Ten-millilitre samples were taken at 24, 48, 72, and 96 h post-
transfection (hpt). Cells were harvested by centrifugation at 200g, for 10 min and 
lysed with 200 μL of M-PER mammalian extraction reagent (Pierce Biotechnology; 
Rockford, U.S.A.) and further clarified at 10,000g for 10 min at 4 °C. Both cell extracts 
and supernatant media were stored at −20 °C, without the addition of protease 
inhibitors. Each transfection experiment was independently repeated at least twice. 
For the establishment of the best purification conditions, HEK-293T cells were 
cultured in 500 mL Erlenmeyer flasks, with 90 mL of FreeStyle 293 Expression Medium 
and transiently transfected as described above, using 5 μg.mL-1 of pCI-neo-CES2-
10xHis plasmid. At least three 500 mL Erlenmeyer flasks were used per experiment. 
Cell growth and viability were followed throughout 96 h. Cells were harvested 96 hpt, 
by centrifugation at 200g, for 10 min. The culture media, containing the soluble 
human recombinant CES2-10xHis protein, was analysed and stored at −20 °C until the 
beginning of the purification process. 
For larger scale production, a 5 L working volume bioreactor (BIOSTAT DCU-3, 
Sartorius Stedim Biotech; Aubagne, France) was inoculated at 0.5×106 cell.mL-1 of 
HEK-293T cells. Transient transfection was performed as described above, using 5 
μg.mL-1 of pCI-neo-CES2-10xHis plasmid. The bioreactor was operated in batch mode, 
equipped with two 6-D Rushton impellers. The pO2 was set at 40% of air saturation 
and sequentially controlled varying the agitation rate (60 to 210 rpm) and the oxygen 
partial pressure in the gas inlet (0–100%). pH was controlled at 7.2 using CO2 and 1 M 
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sodium bicarbonate addition. Culture gassing was performed using a ring sparger at a 
constant gassing rate of 0.01 vvm. The temperature was kept at 37 °C by water 
recirculation in the vessel jacket. Data acquisition and process control were 
performed using MFCS/Win (Multi Fermenter Control Supervisory for Windows) 
control and data acquisition software (SCADA, Sartorius Stedim Biotech). 
3.2.5 Impairment of the protein secretion pathway with brefeldin A 
Inhibition of the protein secretion pathway was performed with brefeldin A antibiotic, 
as described before (Potter et al. 1998), with some modifications. HEK-293T cells 
were transiently transfected with 5 µg.mL-1 of pCI-neo-CES2-10xHis or pCI-neo-CES2 
expression vectors, as described above. At 24, 48, 72 and 96 hpt, two samples (of 10 
mL) from each transfection were centrifuged at 200g for 10 min. Cells were 
resuspended in FreeStyle 293 Expression medium with or without 10 µg.mL-1 of 
brefeldin A. Cells were incubated according to the same conditions described above 
for 4 h. Immediately after the incubation period, cell extracts and supernatant were 
processed as described above and CES activity was evaluated by spectrophotometry. 
3.2.6 Purification of human recombinant CES2-10xHis protein 
Purification of human recombinant CES2 was performed by affinity chromatography 
in an ÄKTA explorer 10S system (GE Healthcare; Little Chalfont, UK), using a 5-mL 
HiTrap Chelating High Performance column (GE Healthcare), loaded with 100 mM of 
nickel sulphate and equilibrated with 20 mM sodium phosphate buffer, pH 7.4, 
containing 20 mM imidazole and 500 mM sodium chloride. 
Two hundred millilitres of cell supernatant, obtained as described above and 
further clarified by centrifugation at 10,000g, for 10 min at 4 °C, were diluted in an 
equal volume of 20 mM sodium phosphate buffer, pH 7.4, containing 20 mM 
imidazole and 500 mM sodium chloride, and loaded onto the column. A washing step 
was performed with the same buffer until stabilisation of the baseline at 280 nm. 
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Elution of the His-tagged bound proteins was performed with a two-step imidazole 
gradient, from 10 to 500 mM. The first lower step was performed from 10 until 250 
mM of imidazole in ten column volumes. The following step, until 500 mM of 
imidazole, was performed with five column volumes. A flow rate of 5 mL.min-1 was 
used.  
Buffer exchange and protein concentration were performed with 20 mM 
sodium acetate buffer (pH 5, containing 600 mM sodium chloride) to all eluted 
fractions using Vivaflow cassettes (Sartorius Stedim Biotech; Goettingen, Germany) 
with a membrane cut-off of 30 kDa. After imidazole removal, all samples were 
sterilized by filtration, using Acrodisc 0.2-μm low protein binding syringe filter (Pall 
Life Sciences; Ann Arbor, U.S.A.). After the addition of 20% (v/v) glycerol, all samples 
were aliquoted and stored at −80 °C. All fractions were analysed by SDS-PAGE and 
Western blot as described below. 
3.2.7 Glycosylation analysis 
Purified CES2-10xHis (100 ng) was incubated with 2.5 mU of Endo H or 1 mU of 
PNGase F overnight (ON) at 37 °C,, according to the manufacturer’s instructions. 
Negative controls, without deglycosylation enzymes, were performed. RNAse B was 
used as positive control of both enzymatic deglycosylations. The reaction products 
were precipitated with four volumes of ice-cold ethanol and analysed by Western blot 
as detailed below. 
3.2.8 SDS- and native PAGE 
Total protein concentration was determined using bicinchoninic acid protein assay 
(Pierce Biotechnology), according to the manufacturer’s instructions. For the cell 
culture supernatant, total protein concentration was not determined due to the 
interference of the medium components in the protein quantification methods. When 
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needed, samples were concentrated using Microcons (Millipore) with a 10 kDa cut-
off.  
Unless otherwise stated, for SDS-PAGE electrophoresis, the same total protein 
amount (50 μg) was loaded onto NuPAGE 4–12% (w/v) bis-tris acrylamide gels 
(Invitrogen). All samples were denatured and reduced for 10 min at 70 °C, according 
to the manufacturer’s instructions. Electrophoresis was performed in XCell SureLock 
mini-cell system (Invitrogen) using MOPS SDS running buffer (Invitrogen), according to 
the manufacturer’s instructions. Proteins were stained with Instant Blue (Expedeon; 
Harston, U.K.) or with SilverXpress staining kit (Invitrogen), according to each 
manufacturer’s instructions. 
Electrophoresis under native conditions was performed using native 4–16% 
(w/v) bis-tris acrylamide gels (Invitrogen), according to the manufacturer’s 
instructions, at 4 °C. In-gel activity assay with the substrate 4-MUBA was performed 
as described before (Ross et al. 2006; Ross and Borazjani 2007) with some 
modifications. In brief, the gel was washed in Milli-Q water for 10 min and incubated 
with 0.01% (w/v) of 4-MUBA in sodium phosphate buffer (pH 7.0) for 20 min with 
gentle agitation. The gel was visualized under UV transillumination, and the resulting 
fluorescence was acquired with ChemiDoc (Bio-Rad; Hercules, U.S.A.) and quantified 
with ImageJ open source software (NIH; Bethesda, U.S.A.). 
3.2.9 Western blot analysis 
Western blots were performed using denaturing, non-denaturing and native 
conditions. For denaturing conditions, SDS-PAGE electrophoresis was performed as 
described above. For non-denaturing conditions, SDS-PAGE electrophoresis was 
performed as described above with the exception that the samples were not reduced 
or denatured. For native conditions, native PAGE electrophoresis was performed as 
described above. The gels were transferred to nitrocellulose (GE Healthcare) or to 
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PVDF (Millipore) membranes and blocked ON with 5% (w/v) milk in 0.05% (v/v) 
Tween, Tris-buffered saline solution. Semi-dry transfer was performed using 
Amersham Hoefer TE 70 transfer unit (GE Healthcare) according to the 
manufacturer’s instructions. 
The following primary antibodies were used: rabbit anti-CES2 (1:200), from 
Sigma and goat anti-CES2 (1:200), from R&D systems (Minneapolis, U.S.A.). Secondary 
antibodies used were: alkaline phosphatase (AP)-goat anti-rabbit (1:2,000), from 
Sigma; horseradish peroxidase (HRP)-rabbit anti-goat (1:5,000), from Invitrogen and 
HRP-donkey anti-rabbit (1:20,000), from GE Healthcare. Detection was performed 
with NBT/BCIP (Pierce Biotechnology), for AP, or Amersham ECL™ Plus (GE 
Healthcare), for HRP. Image acquisition was performed with ChemiDoc and quantified 
using ImageJ. At least three images, acquired with different exposure times, without 
saturation of the obtained signal were used for quantification. Each experiment was 
repeated at least twice to confirm the verified pattern. 
3.2.10 Spectrophotometric assay for esterase activity 
The enzymatic activity assays were performed using the substrate 4-MUBA in 96-well 
plates. All the components were added on ice to a final reaction volume of 250 μL per 
well. Reactions were undertaken at 37 °C under substrate saturation conditions. 
Unless otherwise stated, for cell extract samples, the same total protein amount (10 
μg) was used in each assay; for all culture supernatant samples, the same volume (50 
μL) was used in each assay. Each sample was diluted in 50 mM Tris–HCl buffer (pH 
7.4). A mixture of 90 mM potassium dihydrogen phosphate and 40 mM potassium 
chloride (pH 7.3) was used as reaction buffer. Stock solutions of the substrate were 
prepared in ethanol. The organic solvent percentage in the final reaction volume 
never exceeded 5% (v/v). 
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Measurement of the production of 4-MUB, the hydrolytic product of 4-MUBA, 
was performed at 350 nm (Pindel et al. 1997) on a SpectraMax 340 plate reader 
(Molecular Devices; Sunnyvale, U.S.A.). An extinction coefficient of 12.2 mM−1 .cm−1 
(Pindel et al. 1997) was considered. Non-enzymatic hydrolysis was subtracted for 
each enzymatic reaction. Results of esterase activity are presented as micromoles per 
minute per millilitre of product formed for cell extracts and culture media, or as CES 
specific activity (micromoles per minute per milligram of total protein) for the purified 
fractions. Enzyme kinetic parameters were determined for purified recombinant CES2 
through nonlinear regression using GraphPad Prism (GraphPad Software; La Jolla, 
U.S.A.). Results represent the average and standard deviation of three independent 
assays, which were performed in triplicate. 
3.2.11 Capillary electrophoresis assay for CES activity 
For hCES2 specific activity detection and quantification, a capillary electrophoresis 
(CE) method developed by our group was used (Lamego et al. 2011). In brief, for 
inhibition studies, each sample was pre-incubated with loperamide (25 μM) or BNPP 
(500 μM), for 15 and 10 min, respectively, to selectively inhibit total hCES2 or total 
hCESs activity. The enzymatic reactions were performed as described above. Unless 
otherwise stated, reactions were stopped after 8 min by the addition of equal 
quantity (v/v) of ethanol and centrifuged at 10,000g for 10 min before analysis. 
The enzymatic linear range was assessed using different concentrations of 
each sample. CE separation and detection were performed using a Beckman Coulter 
(Palo Alto, U.S.A.) P/ACE MDQ capillary electrophoresis system equipped with a diode 
array detector. 4-MUB, was detected at 350 nm. Non-enzymatic hydrolysis was 
subtracted for each sample. Arbitrary absorbance units were converted to 
concentration using commercially available 4-MUB, as standard. Results are 
presented as the average and standard deviation of three independent assays. Mean t 
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tests were performed for the evaluation of the statistical significant differences (p = 
0.05) between samples. 
3.3 Results 
3.3.1 Evaluation of human recombinant CES2 expression in HEK-293T cells 
HEK-293T cells were transiently transfected in suspension cultures with 5 μg.mL-1 of 
pCI-neo-CES2-10xHis and pCIneo-CES2 expression vectors in serum-free media and 
allowed to grow for 24 h before harvesting. Both cell culture supernatant and cells 
were collected and processed as described in Materials and Methods. The expression 
profiles of esterases both in cell extracts as well as in the supernatant were evaluated. 
Esterase activity was detected in HEK-293T cell supernatants when using pCI-neo-
CES2-10xHis plasmid but not pCI-neo-CES2 plasmid (Figure 3.1a) as soon as 24 hpt. 
Considering the total activity of each sample, both intra- and extracellularly, it 
became clear that more than 80% of the esterase activity was detected in the 
supernatant of HEK-293T cells transiently transfected with pCI-neo-CES2-10xHis 
expression vector. Moreover, total expression was higher when pCI-neo-CES2-10xHis 
transfection is performed. The presence of the enzyme in the supernatant is not due 
to cell lysis since no significant decrease in cell viability was detected (initial viability 
95±4%; viability 24 hpt 90±9%). 
The activity of human recombinant CES2 in the supernatant of HEK-293T cells 
transfected with each expression vector was determined through capillary 
electrophoresis in the presence of loperamide (a selective inhibitor of hCES2; Williams 
et al. 2011) to confirm the observed increase in esterase activity was due to hCES2 
(Figure 3.1b; Lamego et al. 2011). 
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Figure 3.1 Carboxylesterase 2 expression and activity in HEK-293T transiently transfected cells 24 hpt. 
a) Esterase activity towards 4-MUBA evaluated by spectrophotometry both in cell extracts (intracellular) 
and in cell culture supernatant (extracellular). Activity is shown as the relative percentage to the total 
esterase activity (intra plus extracellular) of HEK-293T pCI-neo-CES2-10xHis sample, the maximum activity 
observed. Error bars represent the standard deviation of three independent assays. b) Evaluation of the 
activity specifically due to hCES2 towards 4-MUBA, in 50 μL cell culture supernatant evaluated by 
capillary electrophoresis. Each result represents the average of three independent assays, and error bars 
represent the standard deviation. A * represents a statistical significant difference (p = 0.05) between the 
enzymatic activities in the absence (black bar) and in the presence of the inhibitors loperamide or BNPP 
(white or dashed bars, respectively). c) Western blot of pCI-neo-CES2-10xHis (CES2-10xHis) or pCI-neo-
CES2 (CES2) transfected and non-transfected (NC, negative control) HEK-293T cell extracts (Intra) and in 
the respective cell culture supernatant (Extra). Fifty micrograms (total protein) of intracellular and 10 μL 
of extracellular samples were analysed, using rabbit anti-CES2 and AP-conjugated anti-rabbit antibodies. 
The 62 (upper) and 49 (lower) kDa bands of the ladder are shown. 
The detection and quantification of the activity of other CESs in the sample 
were performed by subtracting the activity obtained in the presence of loperamide to 
the one obtained in the presence of BNPP (an inhibitor of all CESs). If esterases, other 
than CESs, are present in the sample, their activities will be revealed by the 
maintenance of activity in the presence of BNPP. The results clearly show that, in the 
supernatant of HEK-293T cells transiently transfected with pCI-neo-CES2-10xHis, the 
detected esterase activity, 24 hpt, is mainly due to hCES2. In fact, upon the addition 
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of loperamide or BNPP, there is no statistically significant difference (p = 0.05) 
between the obtained activities, meaning that there are no active CESs in the cell 
culture supernatant other than hCES2. However, the possible existence of other 
proteins with esterase activity in the cell culture supernatant cannot be ruled out, as a 
small activity percentage is detected in the presence of BNPP (Figure 3.1b). 
Carboxylesterase 2 activity accounts for more than 89% of the total enzymatic activity 
detected in the sample. 
The expression of human recombinant CES2 was also confirmed by Western 
blot. As expected, and in accordance with the obtained results for enzyme activities, 
hCES2 in HEK-293T cell extracts transfected with both expression vectors was 
unequivocally detected while no hCES2 was detected in non-transfected control cells 
(Figure 3.1c). Moreover, human recombinant CES2 was detected in the supernatant 
of HEK-293T cells when transfected with pCI-neo-CES2-10xHis but not when 
transfected with pCI-neo-CES2 plasmid, or in the non-transfected control cells. Thus it 
is showed that by masking the ER retention motif in the C-terminus region (through 
the addition of a Histidine tag), hCES2 enzyme is secreted without the need to mutate 
or remove the KDEL retaining motif or add any extra signal peptides at the N-terminal 
region. 
3.3.2 Optimisation of soluble human recombinant CES2 expression 
The expression profile of CES2-10xHis in the supernatant of HEK-293T transiently 
transfected cells was further monitored using different concentrations of plasmid 
DNA (2, 5, 10, and 20 μg.mL-1 of pCI-neo-CES2-10xHis expression vector). The 
evaluation of total enzymatic activity in extracellular culture media throughout time 
(Figure 3.2a) reveals that 2 μg.mL-1 of the vector was an insufficient concentration as 
it gave rise to the lowest detected activities, nearly undetected. On the other hand, 
20 μg.mL-1 of plasmid showed to be too high of a DNA concentration since lower 
enzymatic activities than at 5 and 10 μg.mL-1 were detected. 
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Figure 3.2 Optimisation and evaluation of hCES2 expression in HEK-293T cells transiently transfected 
with different pCI-neo-CES2-10xHis DNA concentrations. a) Esterase activity towards 4-MUBA evaluated 
by spectrophotometry, 24, 48, 72, and 96 hpt with different vector concentrations: 0, 2, 5, 10 and 20 
μg.mL
-1
. Esterase activity is expressed as product formed per time unit (micromoles per minute) in 10 mL 
of cell culture supernatant. Each result represents the average of three independent assays, and error 
bars represent the standard deviation. b) Total cell concentration (cell.mL
-1
) and viability (%) of HEK-293T 
non-transfected and transfected (5 and 10 μg.mL
-1
) cells throughout time. Error bars represent a 10% 
error in cell counting. c) Stability of esterase activity in cell culture medium evaluated by 
spectrophotometry. Twenty-four hpt supernatant was centrifuged at 200g to remove the cells and 
incubated for 48, 72, and 96 h at 37 °C and 130 rpm. Decay in esterase activity is shown as the relative 
percentage to the maximum activity observed at 24 hpt. 
The highest activities were achieved in all assays at 96 hpt with the exception 
of the 10 μg.mL-1 assay where it was achieved at 48 hpt. Thus, transfection with 5 and 
10 μg.mL-1 of plasmid originated the highest activities although at different culture 
times. Total cell concentration and viability were also evaluated for these two best 
DNA conditions (Figure 3.2b). There was no decrease in cell concentration when 
comparing transfected vs. non-transfected cells. At 96 hpt, both in transfected and 
non-transfected cells, there was a decrease in cell viability (Figure 3.2b). This suggests 
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that, at this stage, cell lysis may contribute to the enzymatic activity detected in the 
cell supernatant. Since other hCESs than hCES2 are expressed intracellularly, these 
may also contribute to the overall enzyme activity detected in the extracellular 
culture media. 
To test this hypothesis, hCES2 activity was investigated in the culture media of 
HEK-293T cells transfected with 5 μg.mL-1 of pCI-neo-CES2-10xHis, by capillary 
electrophoresis, as detailed above. Carboxylesterase activity in the absence of 
inhibitors (374.8 ± 23.2 μmol.min−1.mg−1) shows a dramatic decrease in the presence 
of loperamide (5.6 ± 2.4 μmol.min−1.mg−1) and in the presence of BNPP (1.5 ± 0.2 
μmol min−1.mg−1). The results show that, as verified for 24 hpt, the detected hCES 
activity was mainly due to hCES2. In fact, upon the addition of loperamide or BNPP, 
there was no statistical significant difference (p=0.05) between the obtained 
activities, meaning that there are no active hCESs other than hCES2 in the 
supernatant. 
To evaluate the stability of the activity of the enzyme in the cell culture 
supernatant, HEK-293T cells were transiently transfected with 5 μg.mL-1 of pCI-neo-
CES2-10xHis. Cells were removed 24 hpt. The decrease in the enzyme activity in the 
cell culture supernatant was followed spectrophotometrically until 96 hpt. The results 
showed a 20% decrease in hCES activity. The activity decrease was more accentuated 
during the first 24 h after cell removal (Figure 3.2c). Taking these results together, the 
5 μg.mL-1 pCI-neo-CES2-10xHis at 96 hpt was the most appropriate plasmid DNA 
concentration and harvesting time to obtain the highest amount of active human 
recombinant CES2-10xHis in the culture media of HEK-293T transiently transfected 
cells without compromising the enzyme activity and quality. 10 μg.mL-1 DNA at 48 or 
72 hpt would also be suitable, but, since it implied the use of twice the amount of 
expression vector, the 5 μg.mL-1 was preferred. 
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3.3.3 Human recombinant CES2 secretion in HEK-293T cells 
Human recombinant CES2-10xHis produced by transient transfection in HEK-293T 
cells was secreted to the culture media, as shown in the previous sections. This 
secretion to the supernatant was due to the presence of the C-terminal 10xHistidine 
tag as no enzyme activity or expression was detected in the culture media of pCI-neo-
CES2 transiently transfected HEK-293T cells (Figures 3.1a, c). 
It has been previously reported that the expression of mutated human 
alveolar macrophage CES and rabbit liver CESs, missing the HIEL C-terminal motif, in 
COS-7 monkey fibroblasts, originates the secretion of these enzymes through the 
classical ER/Golgi-dependent exocytosis (Potter et al. 1998). To evaluate whether 
human recombinant CES2-10xHis produced by transient transfection of HEK-293T 
cells was secreted from the cells via the same pathway, brefeldin A (an antibiotic that 
inhibits protein secretion through ER/Golgi pathway; Nickel 2010) was used. 
The incubation of pCI-neo-CES2-10xHis transiently transfected HEK-293Tcells 
with brefeldin A inhibited the secretion of the protein as the hCES activity detected in 
the cell culture media significantly dropped (Figure 3.3). This decrease in extracellular 
hCES activity was accompanied by an increase in the detected intracellular hCES 
activity in the brefeldin A treated vs. non-treated cells (data not shown). The basal 
levels of hCES activity detected in the culture media upon the treatment with 
brefeldin A correspond to the activity of other esterases towards 4-MUBA, as verified 
in the previous sections. The incubation of pCI-neo-CES2 transiently transfected HEK-
293T cells with the antibiotic was performed as control. As expected, the incubation 
of these cells with brefeldin A did not produce any alteration in the intracellular or 
extracellular activity of hCES (data not shown). 
The incubation of the two types of transiently transfected HEK-293Tcells with 
brefeldin A did not originate any decrease in cellular viability in comparison to the 
non-incubated cells (data not shown). 
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Figure 3.3 Effect of brefeldin A on extracellular esterase activity of pCI-neo-CES2-10xHis transiently 
transfected HEK-293T cells. Esterase activity towards 4-MUBA evaluated by spectrophotometry, 24, 48, 
72, and 96 hpt with 5 μg.mL
-1
 of the vector with or without a 4-h treatment with 10 μg.mL
-1
 of brefeldin 
A. Esterase activity is expressed as product formed per time unit (in micromoles per minute) in 10 mL of 
supernatant culture media. Each result represents the average of three independent assays, and error 
bars represent the standard deviation. 
These results clearly demonstrate that CES2-10xHis is secreted to the cell 
milieu through the classical secretory pathway. It can thus be assumed that CES2-
10xHis is undergoing its normal processing pathway, entering the ER where it can be 
properly folded and post-translationally modified. 
3.3.4 Characterisation of purified human recombinant CES2-10xHis 
Human recombinant CES2-10xHis enzyme was purified by nickel affinity 
chromatography, as described in Materials and Methods. Two hundred millilitres of 
the supernatant harvested at 96 h after HEK-293T cells transfection with 5 μg.mL-1 of 
pCI-neo-CES2-10xHis were used to purify the recombinant protein. 
A two-step imidazole gradient was used to allow a proper separation of CES2-10xHis 
from the remaining proteins present in the media. Two fractions were recovered from 
the purification process at 65 (fraction 1) and 250 mM (fraction 2) of imidazole. Both 
fractions as well as the flow-through containing the proteins that did not bind to the 
affinity column were processed immediately for buffer exchange in order to remove 
imidazole from the samples. All samples were stored at −80 °C with 20% glycerol in 
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order to preserve protein stability. Protein quantification revealed that eluted fraction 
1 had higher protein content (26.4 μg.mL-1) than fraction 2 (9.3 μg.mL-1). No 
significant hCES activity was detected in the flow-through of the column (data not 
shown), but both eluted fractions showed hCES activity. However, the specific 
enzymatic activity in fraction 2 (22.8 ± 2.1 μmol.min−1 .mg−1) was five times higher 
than in fraction 1 (4.3 ± 0.3 μmol.min−1 .mg−1). These fractions were further analysed 
by SDS-PAGE to evaluate protein purity (Figure 3.4a). Fraction 2 shows a clear and 
defined band corresponding to the previously described approximately 60 kDa hCES2 
weight (Pindel et al. 1997). Moreover, no major contaminants were identified with 
only two extra faint bands visible in the lane. On the contrary, fraction 1 contains 
several additional bands with different weights, besides a faint band of approximately 
60 kDa, which justifies the higher total protein content and the lower hCES activity 
detected in comparison to fraction 2. 
 
Figure 3.4 Characterisation of human recombinant CES2-10xHis purity after purification. a) Silver 
stained SDS-PAGE electrophoresis, for protein purity evaluation. Twenty-one nanograms of total protein 
of fractions 1 and 2 eluted during the affinity chromatography purification process were used. b) Western 
blot of purified CES2-10xHis after digestion with Endo H and PNGase F. CES2-10xHis incubated with Endo 
H or PNGase F buffer (−). Digested CES2-10xHis (+). Positive control—non-digested CES2-10xHis (PC). Goat 
anti-CES2 and HRP-conjugated antibodies were used.  
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To further confirm that the approximately 60 kDa band in fraction 2 
corresponds to hCES2, a Western blot using a commercially available anti-CES2 
antibody was performed (data not shown). The results indicated that human 
recombinant CES2 was present in eluted fraction 2 with a higher purity level. To 
further confirm that no other hCESs were present in this eluted fraction, hCES2 
activity was evaluated by capillary electrophoresis, showing once again that no other 
hCESs were present in this sample (data not shown). Using 4-MUBA as a substrate, KM 
and kcat kinetic parameters, of human recombinant CES2 were determined to be 
2.5×10−1 ± 2.8×10−2 mM and 1.1×103 ± 1.7×102 min−1, respectively. These results, 
especially the KM, are in agreement with the ones reported by Pindel et al. (1997) 
where hCES2 purified from human liver was characterised. As human recombinant 
CES2 activity was assayed in the same way as described by Pindel et al. (1997), these 
data suggest that CES2-10xHis shows similar substrate binding characteristics in 
comparison to native hCES2 and an apparently lower catalytic efficiency that may be 
due to differences in assay conditions or to differences between the two enzymes 
The glycosylation status of the purified protein was also assessed (Figure 3.4b) 
through the digestion with Endo H, a deglycosylation enzyme that hydrolyses N-
glycan chains of the high-mannose type (Tarentino et al. 1978), and PNGase F, a 
deglycosylation enzyme that hydrolyses N-glycan chains of the complex type 
(Tarentino and Plummer 1994, Fig. 4b). Purified CES2-10xHis was shown to be post-
translationally modified as it is sensitive to PNGase F digestion. 
Having CES2-10xHis protein and a commercially available anti-CES2 antibody 
allowed to estimate CES2-10xHis production as well as the purification process yields. 
In this way, we estimated the volumetric yield of HEK-293T cells transiently 
transfected to be 50 mg.L-1 of CES2 human recombinant protein. Considering only the 
CES2-10xHis protein present at a highly pure degree in the eluted fraction 2, we 
estimate a 2% yield in this purification process. The obtained purification yield is in 
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agreement with recently reported yields for the purification of recombinant CES2 
produced in insect cells, although strategies other than IMAC were applied (Hatfield 
et al. 2010). The possible reasons for the low yields of hCES2 throughout the different 
purification strategies will be further discussed in the following sections. CES2-10xHis 
production was scaled up to 5 L using a bioreactor. All the conditions optimised in 
Erlenmeyer flasks were kept. Cell viability and hCES activity were followed kinetically. 
Cell concentration and viability profiles in the bioreactor were comparable to the 
ones obtained in Erlenmeyer flasks. Taken together, these results show that CES2-
10xHis production obtained through transient transfection of suspension adapted 
HEK-293T cells is scalable. 
3.3.5 Human recombinant CES2 oligomerization 
The purified human recombinant CES2-10xHis was further evaluated by an in-gel 
activity assay using native PAGE electrophoresis (Figure 3.5a). To perform this 
experiment, commercially available CES1 was used as a molecular weight indicator 
since it is active towards the substrate used. This esterase is active in the trimeric 
form, but other oligomers are also detected (Figure 3.5a). 
CES2-10xHis shows a lighter active band, which should correspond to the 
monomeric form described, as well as a heavier, less intense form. To our best 
knowledge, this is the first evidence that hCES2 can be active in structural forms other 
than monomers. Native PAGE electrophoresis, followed by Western blot, indicates 
that in 50 ng of CES2-10xHis, different weight oligomers are present (Figure 3.5b). 
Apparently, the lighter oligomers correspond to the active oligomeric form visualized 




Figure 3.5 Purified CES2-10xHis activity analysis under native conditions. a) Native PAGE electrophoresis 
followed by in-gel activity staining with 4-MUBA; 0.3 μg of commercial porcine CES1 (CES1 trimers—180 
kDa) and 1.2 μg of human recombinant CES2-10xHis were used. Human carboxylesterase 2 monomers (62 
kDa) and active oligomers are shown. b) Native Western blot of 50 ng of CES2-10xHis. Goat anti-CES2 and 
HRP-conjugated antibodies were used. Carboxylesterase 2 monomers as well as light and heavier 
oligomers are shown. 
However, the heavier oligomers, visible by Western blot, could not be detected in the 
activity assay. Using ten-fold less protein amount, only the monomeric form of hCES2 
was identified (data not shown). SDS-PAGE electrophoresis performed without 
reducing and denaturing the samples shows again two types of hCES2 forms (Figure 
3.6a). These are also detected, to a lesser extent under denaturing conditions (Figure 
3.6b), when SDS-PAGE was performed using denatured and reduced samples, which is 
probably due to incomplete denaturation of the proteins.  
As the oligomeric forms decrease under reducing conditions, the two pairs of 
cysteines involved in putative disulfide bonds (Pindel et al. 1997) should be involved 
in the oligomerization. The same results were obtained with other commercially 
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Figure 3.6 Purified CES2-10xHis characterisation by Western blot analysis after SDS-PAGE performed 
under non-denaturing (a) and denaturing conditions (b). Fifty nanograms of CES2-10xHis was used. 
Carboxylesterase 2 monomers and oligomers are shown. Goat anti-CES2 and HRP-conjugated antibodies 
were used. 
In all cases, the detection of CES2-10xHis oligomers was hampered at lower 
protein concentrations (5 ng), which may indicate that these forms were less 
abundant compared to the monomeric forms. This may also explain why oligomeric 
active forms of hCES2 were not previously reported. The 10xHis tag present in the C-
terminus region of the purified protein is not responsible for the appearance of hCES2 
oligomers as these forms were also detected in cell extracts overexpressing hCES2 
without the tag (data not shown). 
3.4 Discussion 
Carboxylesterases have been studied for several years, with the majority of these 
studies dedicated to mammalian CESs (Takai et al. 1997; Satoh and Hosokawa 2006). 
It is a very active research field where novel findings continuously emerge. Critical 
examples are the demonstration of CES absence from human sera (Li et al. 2005) and 
cocaine hydrolysis exclusively by CES2 and not by CES1 (Hatfield et al. 2010). 
To further characterise CESs, particularly hCES2, the present work describes a 
production process through which hCES2 can be secreted in overexpressing human 
cells by the addition of an in-frame C-terminal His tag, thus enabling a simple IMAC 
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purification strategy. Recombinant active CES expression, already reported for several 
mammalian CESs, in different in vitro cell types is mainly performed intracellularly 
(Morton and Potter 2000; Xie et al. 2002; Sun et al. 2004; Schiel et al. 2007). The 
secretion of intracellular CESs has been previously described in several cell types and 
organisms (Morton and Potter 2000). In these, secretion was achieved by one or more 
of the following methods: addition of a signal sequence in the N-terminus region of 
the protein (Hermann et al. 2008; Oosterhoff et al. 2002), deletion of the four HTEL C-
terminal amino acid residues (Morton and Potter 2000; Hermann et al. 2008; 
Oosterhoff et al. 2002; Wadkins et al. 2005; Hatfield et al. 2010), and modification of 
this C-terminal peptide (Robbi and Beaufay 1991, 1992). The secretion of histidine-
tagged human CESs, namely hCES1, hCES2, and hCES3, has been previously shown, in 
insect cells (Williams et al. 2008) by deletion of the KDEL retaining motif. 
This work shows that secretion can occur without the deletion or modification 
of these residues, and we hypothesise that the addition of a 10xHis tag to the C-
terminus of hCES2 masks the HTEL motif hampering its binding and retention inside 
the ER. Secretion of CES2-10xHis due to its overexpression and inability of the cell to 
cope with large protein amounts was ruled out, since the transfection of HEK-293T 
cells with a similar expression vector lacking only the 10xHis tag did not lead to the 
secretion of the protein (Figure 3.1a). Additionally, secretion of hCES2 is not due to 
cell lysis since, as soon as 24 hpt hCES2 specific activity can be detected in the 
supernatant of pCI-neo-CES2-10xHis transiently transfected HEK-293T cells but not in 
the one from pCI-neo-CES2 transiently transfected cells (Figure 3.1a, b). Moreover, 
addition of brefeldin A, a potent inhibitor of the classical secretory system (Nickel 
2010), completely abolishes the secretion of CES2-10xHis to the culture media (Figure 
3.3). These results fully support our hypothesis that the deletion of the KDEL retaining 
motif is not necessary to promote the secretion of the protein and the in-frame His 
tag located immediately after this sequence is sufficient to induce its secretion. 
Additionally, one can assume that CES2-10xHis, despite its secretion, was properly 
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folded and post-translationally modified as it was entering the ER. In fact, purified 
CES2-10xHis was shown to be sensitive to PNGase F digestion (Figure 3.4b), meaning 
that the protein was post-translationally modified. Native hCES2 is known to be 
sensitive to Endo H digestion (Pindel et al. 1997). Since purified CES2-10xHis was 
secreted, further glycosylation modifications were expected in the Golgi apparatus 
and explains why the secreted protein bears complex-type glycosylation and not high-
mannose type. This glycosylation pattern has previously been shown in rat 
carboxylesterases (Yan et al. 1995). It was observed that both liver microsomal and 
secreted forms existed, with the intracellular form sensitive to Endo H digestion and 
the secreted form sensitive to PNGase F. Additionally, the kinetic parameters (KM and 
kcat) for the human recombinant CES2 were determined. KM is in agreement with the 
one reported for native human liver CES2 (Pindel et al. 1997) indicating that the 
recombinant enzyme has similar substrate binding behaviour. Purified recombinant 
CES2 shows lower catalytic efficiency which may result from differences in assay 
conditions. Nonetheless, further studies to confirm that the presence of the 10xHis 
tag or that the different glycosylation pattern are not affecting the activity of the 
enzyme should be performed in the future.   
The levels of intracellular esterase activity both in pCI-neo-CES2-10xHis and 
pCI-neo-CES2 transiently transfected cells showed an increase throughout time, from 
24 to 96 hpt (data not shown). However, the ability of HEK-293T cells to secrete CES2-
10xHis led to a dramatic increase in protein productivity since, as soon as 24 hpt, 80% 
of CES activity was detected extracellularly and only 20% was detected inside the cells 
(Figure 3.1a). This four-fold increase was only possible due to the secretion of the 
protein. The production of human recombinant CES2, in a soluble form was boosted 
to higher levels (50 mg.L-1). This is an important aspect since one of the main 
drawbacks of recombinant protein expression in mammalian cells is the low yields 
when compared to other expression systems (Morton and Potter 2000; Junge et al. 
2008; Schmidt 2004; Zhao et al. 2011). The levels of CES2-10xHis activity show a clear 
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increase throughout time as the activity in the extracellular supernatant is more than 
15-fold higher at 96 than at 24 hpt (Figure 3.1b). This result is easily explained by the 
stability results of hCES2: the removal of the cells 24 hpt showed no evident decrease 
in its activity from 48 to 96 hpt (Figure 3.2c). 
To our best knowledge, the secretion process of a hCES, namely hCES2, to a 
serum-free media by simple addition of an in-frame C-terminally localised His tag 
without the deletion of the HTEL motif in human cells was not previously reported or 
characterised. This optimised production strategy enabled not only keeping all the 
characteristics of the protein as no deletion in the gene sequence was performed, but 
also to perform the expression of the protein as close as possible to its native state, 
using a human cell line. The majority of the reported CESs purification processes 
either for the purification of recombinant CESs (Sun et al. 2004) or the purification of 
native CESs (Beaufay et al. 1974; Morgan et al. 1994; Humerickhouse et al. 2000) 
involve several highly time-consuming steps. For CES2-10xHis purification, affinity 
chromatography was chosen. Previous reports of CES purification produced using 
insect cells showed a huge range of protein yields and purities (Sun et al. 2004; 
Wadkins et al. 2005; Morton and Potter 2000). The most recently published results 
for the purification of soluble recombinant CES2 produced in insect cells report a 9% 
yield of active protein (Hatfield et al. 2010). The obtained yield in the purification 
strategy followed in the presented work for the purification of soluble CES2-10xHis 
from HEK-293T cell supernatant is in close agreement with these previously reported 
yields where a multi-step purification strategy was used. However, in the present 
work, by applying an IMAC purification strategy, only one purification step was 
involved. 
The establishment of a process for human recombinant CES2 production from 
human cells enabled further study of this protein. The results presented in this paper 
point to the existence of active hCES2 in forms other than the 60 kDa monomers 
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(Figure 3.5a). Moreover, the data also suggests that hCES2 is able to form heavier 
oligomers. These, however, are only visible by Western blots (Figure 3.5b) and not by 
in-gel activity assays, which may indicate they are inactive. It was previously reported 
that esterases, such as esterase D, can form active dimers of 35 kDa monomers 
(Okada and Wakabayashi 1988); also hCES1 is active as trimers, monomers, and 
dimers with the hexamers being inactive (Takai et al. 1997; Bencharit et al. 2003; 
Crow et al. 2007). The ability of carboxylesterase 2 to form organised structures and 
be active in forms other than monomers is thus not an unusual property and may 
point for a broader CES shared property. In fact, homology modelling prediction of 
hCES2 structure based on hCES1 has highlighted the presence of the Z-site region, 
which modulates hCES1 trimer–hexamer equilibrium, in the C-terminus of hCES2 
(Vistoli et al. 2010). 
The heavier hCES2 oligomers, visible under native PAGE conditions, are more 
abundant under non-denaturing conditions (Figure 3.6a) in comparison to denaturing 
conditions (Figure 3.6b), as expected. In SDS-PAGE electrophoresis performed under 
non-denaturing conditions, the samples were still in contact with destabilising agents 
during electrophoresis. Under truly denaturing conditions, the presence of the 
heavier oligomers may be simply due to incomplete denaturing conditions. Our 
hypothesis is that hCES2 monomers can associate and form more complex hCES2 
structures, depending on the conditions that surround the protein. To further 
characterise the observed oligomers, size exclusion chromatography would be a good 
approach in future studies. 
The possible formation of very large aggregates, or multimers of more than 
500 kDa, was previously mentioned for CESs, but no information concerning those 
aggregates, their structure, or their activities was reported (Morton and Potter 2000). 
In the present work, the existence of larger aggregates could not be confirmed by 
native PAGE and Western blot due to limitations in the protein separation range. 
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However, no hCES2 activity was detected in the flow-through during the protein 
purification process. Our hypothesis is that hCES2 may be forming oligomers and/or 
larger aggregates and thus masking the C-terminal His tag. This aggregation will lead 
to the formation of inactive hCES2, thereby reducing the obtained yields. 
The possibility of forming inactive oligomers may also account for the 
observed decrease in hCES2 activity in the extracellular supernatant upon the removal 
of the cells 24 hpt (Figure 3.2c). The observed 20% decrease from 24 to 48 hpt may be 
due to hCES2 aggregation. The hypothesis that the 10xHis tag could somehow cause 
the formation of the oligomers was ruled out as they are also found in extracts of 
untagged hCES2 overexpressing cells (data not shown). These new reported findings 
challenge the current knowledge about hCES2 and raise several fundamental 
questions about the structure and activity of this important enzyme. The answer to 
puzzling questions such as the existence and relevance of these heavier structures in 
the organism will be crucial and successfully addressed through a multidisciplinary 
approach where the knowledge of CES2 structure will be the key. 
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The evaluation of systemic toxicity by xenobiotics frequently includes metabolic 
studies at the hepatocyte level. Still, ingested xenobiotics find in human intestine the 
first challenge to reach the entire organism. The study of the toxicological effects of 
xenobiotics in vitro must also account for their fate by this first barrier. Namely it is 
important to find if xenobiotics permeate and are metabolised in human enterocytes. 
Human carboxylesterase 2 (hCES2) is the main phase I carboxylesterase (CES) in 
human intestine. However, it is present at low levels in Caco-2 cells, the most widely 
accepted in vitro model for the study of intestinal absorption.  
This work describes the development of a new cell line derived from Caco-2 cells with 
increased hCES2 activity. A population of Caco-2 cells was stably transfected with 
hCES2, showing a more than two-fold increase in the specific hCES2 activity 21 days 
after seeding. Increases in hCES2 mRNA (two-fold) and protein levels (six-fold) were 
also observed, in comparison with Caco-2 cell line. The population was cloned and 
clones with up to six-fold increases in hCES2 activity were obtained. Nonetheless, 
stability studies over twenty passages showed instability of protein and activity levels. 
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Orally delivered drugs must cross the gastrointestinal wall in order to reach their site 
of action. To improve the intestinal absorption profile, hydrophilic drugs like 
carboxylic acids or alcohols, may be transformed into lipophilic prodrugs by 
esterification. Esters are then bioactivated in the body into their active compounds 
(Erhardt et al. 2010). A remarkable example is the anti-cancer ester prodrug 
Irinotecan (CPT-11) that is converted by carboxylesterase 2 (CES2) into its active 
compound SN-38 (Xu et al. 2002).  
Intestinal permeability studies may be performed in vivo, in vitro, in situ, ex 
vivo and in silico, and their advantages and pitfalls have been extensively reviewed 
(Cheng et al. 2008; Buckley et al. 2012; Volpe 2010; Geerts et al. 2011). Most models 
use animals, animal parts, or animal cells, but it has been demonstrated that the 
differences existing between animals and humans may pose significant constraints to 
the extrapolation of data obtained with these models (Crow et al. 2007; Williams et 
al. 2011). In vitro permeability systems include both non cellular models, such as the 
parallel artificial membrane permeability assay (PAMPA; Reis et al. 2010), and cellular 
models. Several in vitro cellular models exist, enabling the determination of intestinal 
permeability and are reviewed in Simon-Assman et al. 2007. Caco-2, a human colon 
adenocarcinoma isolated cell line (Fogh et al. 1977), spontaneously differentiates in 
culture presenting characteristics of human enterocytes (Pinto et al. 1983). Since its 
characterisation as an intestinal epithelial permeability model (Hidalgo et al. 1989), 
this model has become one of the most used for drug absorption prediction (Buckley 
et al. 2012; Hubatsch et al. 2007), widely applied by industry, and accepted by the 
regulatory authorities. 
Despite its popularity, Caco-2 shows some remarkable differences towards 
human enterocytes such as in the expression levels of certain transporters and the 
absence of CYP3A4 metabolising enzymes (Balimane and Chong 2005; Ungell 2004). 
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Moreover, relative expression levels of carboxylesterases (CESs) in Caco-2 cells were 
shown not to correlate to those found in human enterocytes. RT-PCR analysis of Caco-
2, showed high levels of human carboxylesterase 1 (hCES1) in comparison to the 
lower ones obtained for human carboxylesterase 2 (hCES2; Imai et al. 2005). On the 
contrary, through in-gel activity staining of human intestinal microsomes (HIM), 
almost only hCES2 is detected (Imai et al. 2006). Carboxylesterase 2 is thus the main 
hCES involved in ester metabolism in the human intestine. The fact that its levels are 
low in Caco-2 cells, renders this model inappropriate for the study of ester-containing 
compounds metabolised by hCES2 (Imai and Ohura 2010).  
Several attempts have been made to ameliorate Caco-2 gaps and improve its 
permeability predictions. A wide range of strategies have been applied both for the 
up- and down-regulation of expression. Chemical agents were used in the induction of 
protein expression, such as 1 alpha, 25-dihydroxyvitamin D3 that increases CYP3A4 
expression (Schmiedlin-Ren et al. 2001), and to inhibit protein activity, such as bis-p-
nitrophenyl phosphate (BNPP) that inhibits the activity of human CESs (hCESs; Ohura 
et al. 2010). Genetic manipulation of Caco-2 cells has also been attempted not only 
for the up-regulation of genes but also for their knockdown, such as the case of Caco-
2 transduction with shRNA targeting P-glycoprotein (P-gp; Li et al. 2011). 
The goal of the work herein described was to increase hCES2 activity levels in 
Caco-2 cells in order to develop a model more closely resembling enterocytes in 
terms of the metabolism of ester containing compounds. To our best knowledge, the 
genetic modification of these cells, envisioning the overexpression of hCES2, was not 
previously attempted.  
When working with Caco-2 cells there is always the hurdle of both intra- and 
inter-laboratory variability and efforts have been made to understand and minimize 
these differences (Roth et al. 2012, Natoli et al. 2012; Prieto et al. 2010; Hayeshi et al. 
2008; Coecke et al. 2005). Nonetheless, the effect of seeding inocula on hCES2 
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expression was not previously reported. This work thus starts with a full 
characterisation of hCES2 activity in Caco-2 cells and the effect of both seeding 
inocula and passage number followed by the generation and characterisation of a 
stably transfected cell line with increased levels of hCES2 activity. The evaluation of 
hCES2 expression stability in the newly generated cell line provides an important 
contribution to the field of in vitro cell models refinement by showing a common 
problematic hurdle on Caco-2 cells manipulation that appears to be independent of 
the expressed transgenes, i.e. genes other than hCES2. 
4.2 Materials and Methods 
4.2.1 Materials 
Bovine alkaline phosphatase (ALP), 4-Methylumbelliferyl acetate (4-MUBA) (≥98%), 4-
methylumbelliferone (4-MUB) (≥98%), 4-methylumbelliferyl phosphate (4-MUP), 
Trizma hydrochloride (>99%), Trizma base (>99.9%), Tris-buffered saline (p.a.), 
ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA) (>99.9%), HEPES 
(≥99.5%), sodium hydroxide (≥98%) and Triton X-100 (laboratory grade) were from 
Sigma (St. Louis, U.S.A.). Potassium chloride (≥99.5%) was from Aldrich (Steinheim, 
Germany). Sodium acetate (≥99.0%) and loperamide hydrochloride (p.a.) were from 
Fluka (Seelze, Germany). Potassium dihydrogen phosphate (≥99%) and ethanol 
(99.5%) were from Panreac (Barcelona, Spain). Sodium chloride (≥99.5%), albumin 
fraction V (≥98.0%), and skim milk (for microbiology) were from Merck (Darmstadt, 
Germany). Dimethyl sulphoxide (DMSO; 95%) was from Lab-Scan (Dublin, Ireland). 
Milli-Q water (Direct-Q 3 UV ultrapure water purification system from Millipore; 
Billerica, U.S.A.) was used for the preparation of all solutions.  
4.2.2 Cells and media 
Caco-2 cells (ATCC HTB-37), between passage number 26 to 41, were 
routinely cultured in T-75 flasks (BD Biosciences) using high glucose (4.5 g/L) 
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Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% (v/v) fetal 
bovine serum (FBS) and 1% (v/v) non-essential aminoacids (Gibco; Grand Island, 
U.S.A.), at 37 °C in a humidified atmosphere containing 7.5% (v/v) CO2 in air. Once a 
week, before reaching confluence, cells were cultured using Dulbecco’s phosphate-
buffered saline (DPBS) and 0.25% (w/v) Trypsin-EDTA (Gibco). Media replacement was 
performed in alternating days. Cell concentration and viability were determined with 
a Fuchs–Rosenthal counting chamber (Marienfeld; Lauda-Königshofen, Germany) 
using 0.1% (v/v) trypan blue (Gibco) staining. Cell monolayers were prepared, unless 




in 100 mm  i.d. tissue culture petri 
plates (Becton Dickinson; Franklin Lakes, U.S.A.) or 6-well tissue culture plates (Becton 
Dickinson) for protein and RNA extracts, according to the needed extract amounts. 
For alkaline phosphatase activity determination, 96-well tissue culture plates were 
used. Media change was performed in alternating days for the first week and every 
day for the remaining time in culture until 21 days. 
4.2.3 Plasmids 
Human CES2 gene (geneID 8824) was cloned in pCI-neo plasmid (Promega; Madison, 
U.S.A.) using SalI and NotI restriction endonucleases (New England Biolabs; Ipswich, 
U.S.A.) as previously described (Section 3; please see Appendices for vector map). The 
construct in pCI-neo-CES2 plasmid was fully sequenced to verify the integrity of the 
hCES2 gene. Production and purification of the expression vector was performed and 
evaluated according to standard molecular biology techniques. 
4.2.4 Caco-2 CES2 cell line establishment 
Caco-2 cells were transfected in 6-well tissue culture plates with 20 µg.mL
-1
 pCI-neo-
CES2 plasmid using 60 µg.mL
-1 
polycation polyethylenimine (PEI; Polysciences; 










G418 antibiotic (Invitrogen). Medium was changed twice during the first week. One 
week after selection pressure was started, amplification of the selected population 
was performed and a master cell bank of Caco-2 CES2 population was created.  
Cell cloning was performed through the limiting dilution method. Briefly, cells 
were seeded at 1 cell per well in 96-well tissue culture plates using 50% (v/v) 
conditioned media supplemented with 20% (v/v) FBS and 0.48 mg.mL
-1
 of G418 
antibiotic. More than 80 clones were picked from single colony wells. Step-wise 
amplification of each clone was performed, with a gradual increase of available cell 
culture area. 43 clones survived this process and were appropriately stored and 
analysed.  
4.2.5 Real-time qPCR analysis 
Total RNA from Caco-2 cell line and Caco-2 CES2 cell population, at passages 30 and 
39, respectively, were extracted at 7, 14, and 21 days after seeding using RNeasy 
extraction kit (Qiagen; Courtaboeuf, France) according to the manufacturer’s 
instructions. Samples were treated with DNAse. Cells were grown in 6-well tissue 
culture plates as detailed above and three wells were independently extracted for 
each cell type at each time point. RNA concentration and purity was determined using 
NanoDrop 2000c spectrophotometer (Thermo Scientific; Wilmington, U.S.A.).  
Messenger RNA was reverse transcribed to cDNA with Transcriptor High 
Fidelity cDNA synthesis kit (Roche; Mannheim, Germany), using anchored oligo (dT) 
primer and 2 µg of total RNA per reaction, according to the manufacturer’s 
instructions. Real-time PCR analysis was performed using SYBR Green in a LightCycler 
480 System PCR (Roche), according to the manufacturer’s instructions. Previously 
described and tested RT-PCR primers and amplification conditions (Sanghani et al. 
2003) for hCES1, hCES2 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
genes were used. Negative controls were also run in parallel with the cDNA samples 
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to detect contamination problems during PCR analysis and/or DNA contamination 
during RNA extraction. Analysis of relative gene expression of hCES1 and hCES2 
compared to the housekeeping GAPDH gene, previously shown to be invariant from 
undifferentiated to differentiated stages of Caco-2 cells (Bédrine-Ferran et al. 2004), 
was performed according to the 2
-ΔCT
 method (Livak et al. 2001). 
4.2.6 Western blot analysis 
Caco-2 cell extracts were prepared at 7, 14, and 21 days after seeding, as previously 
reported (Lea et al. 2010), with minor modifications. Briefly, cells grown in 6-well 
plates were washed with DPBS and rapidly lysed with 200 µL of a solution containing 
0.25 mM NaCl, 5 mM EDTA, and 1% (v/v) Triton (Korjamo et al. 2006) in 50 mM Tris-
HCl pH 8.0. Cell extracts thus prepared were centrifuged at 10,000g for 10 min at 4 °C 
and were stored at −20 °C. Total protein concentration was determined using 
bicinchoninic acid (BCA) protein assay (Pierce Biotechnology; Rockford, U.S.A.), 
according to the manufacturer’s instructions.  
Unless otherwise stated for SDS-PAGE electrophoresis, the same total protein 
amount (30 μg) was loaded onto NuPAGE 4–12% (w/v) bis-tris acrylamide gels 
(Invitrogen; Carlsbad, U.S.A.). All samples were previously denatured and reduced for 
10 min at 70 °C. Electrophoresis was performed in XCell SureLock mini-cell system 
(Invitrogen) using MOPS SDS running buffer (Invitrogen), according to the 
manufacturer’s instructions. Proteins were transferred from the gels to PVDF 
(Millipore) membranes and blocked overnight (ON) with 5% (w/v) milk in 0.05% (v/v) 
Tween, Tris-buffered saline solution, pH 7.6. Semi-dry transfer was performed using 
Amersham Hoefer TE 70 transfer unit (GE Healthcare; Little Chalfont, U.K.) according 
to the manufacturer’s protocol. 
The following primary antibodies were used: goat anti-hCES2 (1:200) from 
R&D systems (Minneapolis, U.S.A.); rabbit anti-hCES1 (1:250) from Sigma; and mouse 
Section 4 
118 
anti-β actin (1:500) from Abcam (Cambridge, U.S.A.). Secondary antibodies used 
were: horseradish peroxidase (HRP)-rabbit anti-goat (1:5,000) from Invitrogen; HRP-
donkey anti-rabbit (1:20,000) and HRP-sheep anti-mouse (1:25,000) from GE 
Healthcare. Chemiluminescent detection was performed with ECL Prime (GE 
Healthcare). Image acquisition was performed with ChemiDoc (Bio-Rad; Hercules, 
U.S.A.) and non-saturated images were quantified through densitometry with ImageJ 
open source software (NIH; Bethesda, U.S.A.). Integrated density values were 
normalised per lane with the ones obtained for β-actin. Each result is shown in 
relation to Caco-2 at 21 days, which was used as reference in each gel. Each 
experiment was repeated at least twice to confirm the verified pattern. 
4.2.7 Esterase activity determination  
Caco-2 cell extracts were performed as described above. The enzymatic activity 
assays were performed using the substrate 4-MUBA as previously described (Lamego 
et al. 2012). Briefly, reactions were undertaken in a final reaction volume of 250 μL, at 
37 °C under substrate saturation conditions. Unless otherwise stated, the same total 
protein amount (10 μg) was used in each assay. 90 mM potassium dihydrogen 
phosphate and 40 mM potassium chloride (pH 7.3) were used as reaction buffer. 4-
MUB production was monitored at 350 nm (Pindel et al. 1997) on a SpectraMax 340 
plate reader (Molecular Devices; Sunnyvale, U.S.A.). Results of esterase activity are 
presented as micromoles per minute per milligram of total protein. Mean t tests were 
performed for evaluation of statistically significant differences (p = 0.05) between 
Caco-2 and Caco-2 CES2 samples. 
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4.2.8 Alkaline phosphatase activity determination 
Alkaline phosphatase activity was measured by the activity towards 4-MUP, as 
previously described (Malpique et al. 2007). Briefly, in each time point (7, 14, and 21 
days), cells from 4 independent wells were washed and incubated with 200 µL of a 1:1 
mixture of 1 mM 4-MUP in 20 mM HEPES/NaOH, pH 7.4 and 20 mM HEPES/NaOH, pH 







 day, respectively. 75 µL of supernatant was transferred to a 96-well 
black microplate (Greiner Bio-One; Frickenhausen, Germany). 4-MUB production was 
monitored at 535 nm (excitation at 360 nm) on a GloMax Multi detection system 
fluorescence plate reader (Promega). Calibration curves were obtained with ALP in 
the 0.5 to 20 µg.mL
-1
 (0.43 to 17 microUnits) range. Substrate spontaneous hydrolysis 
was accounted. Results are presented as microUnits per viable cell (one unit is 
defined as the activity that hydrolyses one µmol of substrate per minute). 
4.3 Results 
4.3.1 Evaluating hCES2 variability in Caco-2 cells 
Several cell and culture-related factors have been shown to influence Caco-2 
development and characteristics (Sambuy Y et al. 2005; Prieto et al. 2010; Christensen 
et al. 2012). Culture medium has shown to influence the expression of different drug 
transporters and drug metabolising enzymes, including hCES2 (Roth et al. 2012). In 
this study, the researchers found that hCES2 mRNA was slightly up-regulated, without 
statistical significance, when Caco-2 cells were cultured in DMEM (the medium used 
in the present study) in comparison with minimum essential medium alpha (AMEM). 
The initial seeding inoculum of Caco-2 cells has been reported to impact not only cell 
morphology but also the expression of different proteins, including drug transporters 
and drug metabolising enzymes (Volpe 2008; Natoli et al. 2011; Roth et al. 2012). To 
our best knowledge, the effect of cell seeding on hCES2 activity was never evaluated. 
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(Figure 4.1) and allowed to differentiate for 21 days 
before testing, as described in the Materials and Methods. The results on specific 
esterase activity did not show statistically significant variations (Figure 4.1a). 
However, in the presence of loperamide, a selective CES2 inhibitor (Williams et al. 
2011), variations on hCES2 specific activity were higher, leading to a tendency of 
increased inhibition percentages with higher seeding densities, more evident at 
higher starting seeding inocula (Figure 4.1b) but still with no statistical relevance.  
Passage number has also been indicated as a biological factor influencing 
variability and protein expression profiles in Caco-2 cells (Shah et al. 2006; Siissalo et 
al. 2007). The expression profile of hCES2 (as well as hCES1) was reported to be 
constant between passages 28 and 59 in different laboratories, based on native PAGE 
electrophoresis followed by staining for esterase activity (Imai et al. 2005; Imai 2006), 
but no data was shown. Nonetheless, due to several reports on Caco-2 intra and 
inter-laboratory variability (Press and Di Grandi 2008; Volpe 2008), hCES2 activity was 
herein assessed at different passages (Figure 4.2). This step is mandatory to 
understand the passage range in which it is appropriate to modify these cells, namely, 







. No statistically significant difference was observed when comparing both 
passages under different conditions - in the presence and absence of inhibitor and 









Figure 4.1 Seeding inocula effect on esterase activity. a) Caco-2 cells, at different starting seeding 
inocula were tested for esterase specific activity in the absence and presence of loperamide. b) Inhibition 
percentage was calculated through the difference between the activity in the absence and presence of 
the inhibitor, as described before (Lamego et al. 2011). Each result represents the average of three 
independent assays, and error bars represent the standard deviation (a) or the combined standard 











Figure 4.2 Effect of passage number in esterase activity. Caco-2 cells, in two different passage numbers, 
were tested for esterase specific activity in the absence and presence of loperamide, at two different 
starting seeding inocula. Each result represents the average of three independent assays, and error bars 




4.3.2 hCES2 transient expression in Caco-2 cells 
To increase hCES2 activity levels, an expression vector was generated using pCI-neo 
plasmid as a backbone. Caco-2 cells were transiently transfected with pCI-neo-CES2, 






, as described in 
Materials and Methods. Esterase specific activity was evaluated 48 hpt (72 h after 
seeding) in the presence and absence of loperamide (Figure 4.3). Inhibition 
percentage of the transfected samples (Caco-2 CES2), calculated through the 
difference between the activity in the absence and presence of the inhibitor, as 
described before (Lamego et al. 2011), was the same, 28 ± 7%, independently of the 
starting seeding inocula. No inhibition was detected in Caco-2 cells 48 hpt, as 
expected. The increase in esterase specific activity from parental to transiently 
transfected cells is thus shown to be due to the increase in hCES2 activity. 







seeding inocula were tested for esterase specific activity in the absence and 
presence of loperamide 48 hpt. Each result represents the average of three independent assays, and error 
bars represent the standard deviation. A * represents a statistically significant difference (p = 0.05) 
between Caco-2 and Caco-2 CES2 samples. 
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4.3.3 Characterisation of Caco-2 CES2 population  
Since pCI-neo-CES2 plasmid bears the neomycin resistance gene, geneticin antibiotic 
(0.95 mg.mL
-1
) was used as selection agent to obtain a Caco-2 CES2 population that 
could be propagated. A kill curve using 0.5 to 2 mg.mL
-1
 of geneticin was performed 
and 0.95 mg.mL
-1
 was chosen as the most effective antibiotic concentration (data not 
shown). Esterase specific activity was determined in parental Caco-2 and selected 
Caco-2 CES2 population at different time points (Figure 4.4). Although no statistically 
significant difference was observed in total esterase specific activity between parental 
Caco-2 and Caco-2 CES2 population (Figure 4.4a), there was a clear difference in 
hCES2 specific activity as reflected by an increase in the inhibition by loperamide 
(Figure 4.4b). A small increase in hCES2 activity, without statistical significance, was 
detected in Caco-2 cell line throughout the differentiation period. However, a 2.5-fold 
increase in inhibition percentage was observed from the first to the second week of 
the differentiation period in Caco-2 CES2 population.  
Figure 4.4 Esterase specific activity in Caco-2 CES2 selected population. Caco-2 (P39) and Caco-2 CES2 




, in the absence and presence of geneticin, respectively. Esterase 
and hCES2 specific activities were determined at different time points. Each result represents the average 
of three independent assays. a) Esterase specific activity determined in the absence of loperamide. Error 
bars represent the standard deviation of three independent assays. b) hCES2 specific activity showed in 
terms of inhibition percentage, determined in the presence of loperamide. Error bars represent the 
combined standard deviation. A * represents a statistically significant difference (p = 0.05) between Caco-
2 and Caco-2 CES2 samples. 
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Figure 4.5 Carboxylesterase gene and protein expression in Caco-2 and Caco-2 CES2 cells. a, b) hCES2 
and hCES1 relative expression was evaluated in both Caco-2 cell line and Caco-2 CES2 population, 
throughout the differentiation period, by qRT-PCR. GAPDH was used for normalisation. Error bars 
represent the standard deviation. A * represents a statistically significant difference (p = 0.05) between 
Caco-2 and Caco-2 CES2 samples. c, d) Relative protein expression of hCES2 and hCES1 was evaluated in 
both cell types, using Caco-2 21 days as reference sample. Integrated density values were normalised per 
lane towards β-actin. 
Both cell types were also evaluated for protein and gene expression levels 
(Figure 4.5). Human CES1 relative mRNA levels increased over culture time in both 
parental and stably transfected Caco-2 cells and the same increasing pattern was 
shown for protein. Human CES2 relative mRNA levels are always significantly higher in 
Caco-2 CES2 population in comparison to the parental cell line and increase 
throughout the differentiation period. The increase was, nonetheless, more 
pronounced in Caco-2 CES2 population  since the hCES2 relative mRNA levels 
practically doubled from the 7
th
 to the 21
st
 day, whereas in Caco-2 parental cells an 
approximate 60% increase occurred. By evaluating hCES2 protein levels, a similar 
pattern was found. Human CES1 relative mRNA levels were always higher in both 
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Caco-2 and Caco-2 CES2, compared with hCES2. It should be noted the amplified 
region for hCES1 (190 base pairs) and hCES2 (310 base pairs) are different.  
The influence of hCES2 expression was also evaluated in the differentiation 
properties of the transfected population. Alkaline phosphatase activity per viable cell 
was used as a marker of differentiation. No difference was observed at day 21 
between Caco-2 parental cell line and Caco-2 CES2 population (Figure 4.6).  
Figure 4.6 Alkaline phosphatase expression in Caco-2 cell line and Caco-2 CES2 population. ALP activity 
was measured at day 21, as described in Materials and Methods, and normalised with the number of 
viable cells. Error bars represent the standard deviation. 
4.3.4 Caco-2 CES2 cell line establishment and expression stability evaluation 
For the establishment of a Caco-2 CES2 cell line, 84 single-cell clones were selected 
through limiting dilution, as described in Materials and Methods. Only 43 grew well 
enough to be tested. Clones 1 to 14, depicted in Figure 4.7 had higher activity 
compared with parental Caco-2 cells. The stability of hCES2 expression was tested in 
the highest expressing cell lines. Figure 4.8 shows the results for clone 14 in a time 
window of twenty passages, one passage per week. In the first ten passages, passages 
41 to 51, the effect of geneticin antibiotic was tested by culturing the cells in the 
presence and absence of the antibiotic. From passage 51 onwards, no antibiotic was 
used. Clone 14 showed higher hCES2 specific activity levels than the ones found for 
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Caco-2 CES2 stably transfected population and this was also reflected in the relative 
protein expression levels. 
 
Figure 4.7 hCES2 specific activity in stably transfected clones. Caco-2 CES2 selected clones were tested at 
day 21, at passage 41, for esterase specific activity in the absence and presence of loperamide and 
inhibition percentage was calculated. Each result represents the average of three independent assays, 
and error bars represent the combined standard deviation. 
However, there is a dramatic decrease in both hCES2 activity and protein 
levels that is independent of the presence of geneticin. In 10 weeks, the cell line 
reverts completely to the levels of hCES2 activity detected for Caco-2 parental cell 
line, not recovering in the following 10 weeks. This same tendency was verified for 
other clones, confirming the detected pattern: 11 clones were tested at passage 
number 51, and 3 at passage number 61. 
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Figure 4.8 hCES2 expression stability evaluation in Caco-2 CES2 cell line. Caco-2 CES2 cell line was 
tested, at day 21, at different passages. Caco-2, P39, and Caco-2 CES2, P37, were used as controls. a) 
Inhibition % calculated through esterase specific activity in the absence and presence of loperamide. Each 
result represents the average of three independent assays, and error bars represent the combined 
standard deviation. b) Relative hCES2 expression, using Caco-2 sample as reference. Integrated density 
values were normalised per lane with β-actin. w/gen – with geneticin; w/o gen – without geneticin.  
4.4 Discussion 
As highlighted before, Caco-2, a cell line derived from a human tumour, was reported 
to bear low levels of hCES2 and high levels of hCES1 expression while evidence 
showed that hCES2 is expressed to a higher extent than hCES1 in normal colon cells 
(Imai et al. 2005). This still unanswered question impelled us to overexpress hCES2 in 
Caco-2 cells and evaluate the stability of the obtained cell line.  
The Caco-2 cell line is well known to be sensitive to variations in culture 
conditions. Seeding density and passage number are some of the factors impacting 
the expression profiles of some transporters such as the mRNA of P-gp (Prieto et al. 
2010; Hayeshi et al. 2008). 
Human carboxylesterase 2 mRNA levels have been previously shown to 
increase throughout the differentiation period of Caco-2 cells (Ohura et al. 2010). In 
this work, we not only confirmed these results but also demonstrated how passage 
number and seeding inocula influence the activity levels of this enzyme in Caco-2 
cells. A tendency for increased hCES2 specific activity, specifically measured in the 




within the standard deviation of independently performed experiments, pointing to 
the high biological variability affecting this system (Figure 4.1). A tendency towards a 
decrease in hCES2 specific activity at higher passages was detected (Figure 4.2). This 
may provide an indication of the intrinsic instability of this cell line towards hCES2 
expression. Nonetheless, as no statistically significant difference was observed in this 
10 cell-passage interval, it provides an appropriate window of time for manipulating 
Caco-2 cells (Figure 4.2). 
Fitted with a deeper knowledge of the system, the next logical step was to 
genetically modify Caco-2 cells. There are several gene delivery vehicle-DNA 
complexes described in the literature. From these, PEI and lipofectamine are the two 
chemical transfection agents most commonly used (O’ Neill et al. 2011) and have 
been previously applied in Caco-2 cells (Gautrey et al. 2011; Korjamo et al. 2005). PEI, 
being less expensive, was the chosen approach, demonstrated to be suitable for 
hCES2 transient overexpression as the esterase specific activity levels were increased 
48 hpt (Figure 4.3). The increase in hCES2 specific activity was shown to be 
independent of the seeding inocula used. Curiously, the obtained hCES2 activity 48 
hpt was higher than the maximum detected in Caco-2 parental cells after 3 weeks in 
culture (Figures 4.1b and 4.3), suggesting the ability of this cell line to cope with 
increased levels of active hCES2. A stably transfected Caco-2 CES2 population was 
established, with increased hCES2 specific activity (Figure 4.4b). Surprisingly, no 
statistically significant difference was observed in total esterase activity between 
parental Caco-2 and Caco-2 CES2 population (Figure 4.4a). This may be due to 
substrate competition as both hCES1 and hCES2 are known to hydrolyse 4-MUBA. 
Through limiting dilution, it was possible to select a Caco-2 CES2 cell line. 
Caco-2 CES2 population heterogeneity was revealed in the diversity of hCES2 activity 
in the 14 clones depicted in Figure 4.7. As previously reported, protein expression 
levels of hCES1 and hCES2 do not correlate with their enzymatic specific activities 
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(Ross and Crow 2007). In this work additional evidence is provided as there is not a 
proportional correlation between activity (Figure 4.4b), mRNA (Figure 4.5a, b), and 
protein expression (Figure 4.5c, d) of both hCESs. These differences may rely in the 
technical constraints inherent to each analytical technique such as the amplification 
efficiency in qRT-PCR, related, for instance with the size of the amplified region which 
is different for hCES1 and hCES2, or the different antibody binding affinities in 
Western blot. In order to avoid misleading results, the screening of Caco-2 CES2 
expressing clones was based on the assessment of hCES2 specific activity and later 
complemented with protein expression studies.  
To evaluate the feasibility of the usage of this newly generated cell line, with 
increased levels of active hCES2, as a stable and able to be propagated platform for 
drug screening, expression stability tests were performed by culturing the cells for 
increased periods of time. A severe loss of hCES2 activity, reaching basal population 
levels in 10 weeks was shown not to correlate with the presence of the selection 
pressure agent geneticin (Figure 4.8a). This phenotype, verified for several of the 
selected clones, was not reverted in the following ten weeks of culture in the absence 
of the antibiotic. We have further discovered that the decreased hCES2 activity was 
reflected in the levels of protein expression (Figure 4.8b).  
Stable expression of hCES2 was previously reported to be possible through a 
genetic engineering strategy almost identical to the one followed in the present 
study, but using Chinese Hamster Fibroblast cell line (VT79; Imai et al. 2006). This 
evidence suggests that it should be possible to stably express recombinant hCES2 in 
mammalian cells, under the control of the CMV promoter, using chemical transfection 
techniques combined with selection with geneticin selection. However, it was 
previously reported not to be possible to stably increase hCES2 levels in COS-7 
electroporated cells following a similar approach (Wierdl et al. 2008).  
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Expression of proteins was previously shown to be possible in Caco-2 cells. 
Examples are the increase in Glutathione peroxidase 4 (GPx4; Gautrey et al. 2011) and 
the decrease in P-gp levels (Hilgendorf et al. 2004). Using the same genetic 
engineering approach, i.e. the same expression vector backbone, including the same 
promoter, as well as the same type of selection pressure of the one chosen in the 
present study, it was previously reported to be possible to increase the levels of 
membrane dipeptidase (MDP; Pang et al. 2004). However, no data showing the 
stability of the obtained cells throughout time in culture, in any of these cases, was 
shown. 
The problem of Caco-2 modification has been previously highlighted in terms 
of the difficulty of increasing CYP expression (Korjamo et al. 2006). Combining the 
results presented herein with data previously reported, and exemplified in table 4.1, 
there is evidence of an overall problem in stable Caco-2 modification. A possible 
common mechanism through which Caco-2 effectively represses the expression of 
exogenous genes may thus be envisioned. This seems to be independent of the 
transgene, the transfection method and the selection pressure used, as the same 
pattern was previously reported for CYP3A4 and CYP2A6, electroporated and selected 
with hygromycin B (Crespi et al. 1996). 
We have confirmed that this repression does not occur at the enzymatic 
activity level as a decrease in protein expression level was also detected. Since a clear 
response of CES2 mRNA during the differentiation period in Caco-2 CES2 stably 
transfected population occurs we hypothesise that this may be the level of regulation 
of exogenous hCES2 expression, may it be through promoter inhibition or decreased 
mRNA stability. It cannot be excluded, however, that other repression mechanisms 
may also exist. It was previously shown a direct link between transcript inactivation 
and epigenetic modification in stably transfected cell lines gradually loosing transgene 
expression.  
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In fact, it was shown that transcript inactivation is followed by promoter DNA 
methylation and histone H3 K9 dimethylation, being the early events of transgene 
silencing the acetylation of histones and their methylation at histone H3 K4 (Mutskov 
and Felsenfeld, 2004). 
Several techniques may help understand and overcome the reasons behind 
the repression of hCES2, in particular, and transfected genes, in general, in Caco-2 
cells. The application of chemical inducers to restore the repressed levels will, for 
instance, influence the expression of other proteins and/or Caco-2 morphology. As 
our goal was to increase hCES2, interfering as little as possible with the parental cell 
environment, it may be concluded that Caco-2 manipulation by transient transfection 
is the fastest and most suitable approach to avoid the intrinsic regulation mechanisms 
of this cell line. Different promoters, both viral and cellular may then be tested. For 
those cases where it is not possible to cope with the variability associated with the 
transient transfection approach, the establishment of a larger and well characterised 
master cell bank may constitute a valid approach, as previously suggested (Crespi et 
al. 1996). In this case, geneticin should be the elected antibiotic, instead of others 
such as hygromycin B. Opposing to what was described to happen with hygromycin B 
(Crespi et al. 1996; Rodolosse et al. 1998), no defects in cell adherence, monolayer 
integrity or cell morphology was detected using geneticin.  
In the future, more innovative approaches in Caco-2 manipulation may 
contribute to overcome its problematic manipulation with the potential to constitute 
a more generalized solution such as the targeted insertion of genes into pre-selected 
highly transcribed regions of the genome. Further improvements to Caco-2 may then 
be envisioned, such as hCES1 down-regulation, to more closely resemble human 
enterocytes.  
A detailed comparison of the newly developed Caco-2 CES2 cell line will be 
needed, being advisable to use 20 passively absorbed drugs, representing a range 
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from low to high intestinal absorption (Volpe et al. 2007), to adequately demonstrate 
its suitability for testing a drug’s permeability and all the other currently performed 
tests using Caco-2 cells.  
4.5 Conclusions 
The work herein presented describes the efforts towards the improvement of 
currently available in vitro tools highly used in research and development through the 
establishment of a new cell line derived from Caco-2 cells with increased hCES2 
activity levels. The new cell line, better reflecting human intestinal metabolism 
towards hCES2 metabolised esters, retains the polarisation and differentiation 
capabilities of the parental cell line, thus having the potential to become, in the future 
and upon complete validation with reference compounds, a useful tool for coupling 
the study of intestinal absorption with intestinal metabolism, especially of ester 
containing drugs and prodrugs. 
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The main goal of the work presented in this thesis was to increase the fundamental 
knowledge on human Carboxylesterase 2 (hCES2) and to improve Caco-2 cells by 
increasing the levels of this enzyme, crucial in the metabolism of ester containing 
drugs and prodrugs. The main contributions to that goal are highlighted in this section 
with a special focus on the future envisioned developments.  
5.1 Setting new analytical approaches 
Currently available tools enabling the assessment of carboxylesterase (CES) 
expression and activities have several limitations, as detailed in Section 2, such as the 
failure to associate protein expression with activity quantification as well as the 
inability to distinguish different CESs and quantify their specific activities. For the 
proper study of CES2 activity in complex biological samples, proper tools had to be 
developed and were described in Section 2. Taking advantage of BNPP, a general and 
irreversible CES inhibitor, and loperamide, a selective CES2 inhibitor, CESs were 
evaluated through capillary electrophoresis for the first time, using a general CES 
substrate, 4-MUBA. First, commercially available enzymes were used, with the 
method later extended to the evaluation of increasingly complex biological samples 
such as human cell extracts and mammalian sera. A workflow where an unknown 
sample may be sequentially tested for its hydrolytic activity towards a general CES 
substrate, such as 4-MUBA, in the absence and presence of these inhibitors was 
proposed. This method, using up to 7-fold less sample than the classical 
spectrophotometric methods, showed to be appropriate when several components of 
the reaction mixture absorb at the same wavelength. 
The future applications of the developed methodology are broad, ranging 
from the possibility of testing different samples to the evaluation of other CESs, or 
even other esterases since the appropriate inhibitors or substrates are used. It may 
also be used with other separation techniques like HPLC. 
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The development of new approaches for the differentiation and 
characterisation of CES activity is of great relevance in this field where much attention 
is being dedicated to the comparison of the specific activities found in different 
mammals, namely those used in preclinical studies by pharmaceutical companies 
(Williams et al. 2011; Bahar et al. 2012). Foreseen is the future development of new 
analytical tools enabling differentiation and characterisation of CES activity in whole-
living cells, where the enzymes are retained in a preserved and more physiological 
cellular environment. In fact specific fluorescent probes have already been developed 
and characterised for their specificity for different CESs (Wang et al. 2011). The 
application of these probes for live imaging was shown to be possible (Hakamata et 
al. 2011) raising the possibility of further applications that may help to understand the 
differences between enzyme activity and protein expression previously reported 
(Ross et al. 2012). 
5.2 Further understanding hCES2 
Having developed the tools allowing its proper study in biological samples, 
human carboxylesterase 2 (hCES2) production was for the first time performed and 
described, in Section 3, in suspension adapted HEK-293T cells. The strategy used 
allowed no need for additional of N-terminal signal sequences or the modification of 
the ER retention sequence to promote hCES2 secretion with the addition of an in 
frame C-terminally localised 10x histidine tag. This, in turn, allowed the purification of 
the protein through affinity chromatography. Although a very satisfactory purity level 
was obtained, the achieved yield was in line with a recent report (Hatfield et al. 2010), 
leaving space for future improvements in the purification process, which the research 
group is already pursuing.  
The manufacturing of hCES2 enabled further comprehension of its behaviour: 
it may present itself as active and inactive oligomers when it was previously reported 
to be exclusively found as 60 kDa monomers (Pindel et al. 1997). We have 
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hypothesised that hCES2 monomers may associate forming structures of higher 
complexity, depending on the environment where the protein is. The further 
characterisation of the observed oligomers may be performed, in the future, through 
size exclusion chromatography; nonetheless, improvement in the purification process 
is needed to increase yields, allowing these types of studies. Whether these oligomers 
exist in the human organism and what is their relevance, are curious still unanswered 
questions.  
The future applications of this produced human recombinant CES2 are 
massive. Due to the high purity levels achieved it will be used in crystallographic 
studies. As, so far, the only human CES structure known is that of carboxylesterase 1 
(hCES1; Bencharit et al. 2003) the determination of hCES2 structure will be an 
important contribution to this field. It may also be used in studies aiming at the 
discovery of new hCES2 inhibitors or in the investigation of the kinetics towards newly 
developed ester containing drugs or prodrugs.  
The novel properties of hCES2 challenge the current knowledge about CESs. 
Several puzzling questions arise concerning the general properties of these proteins 
as well as their evolutionary path.  
May oligomerization be a shared property of CESs? As mentioned before, 
hCES2 ability to form organised structures and being active in forms other than 
monomers may not be an unusual property and suggest a broader CES-shared 
property. For instance, it was previously reported that esterase D can form active 
dimers of 35 kDa monomers (Okada and Wakabayashi 1988) and hCES1 is active as 
trimers, monomers, and dimers with the hexamers being inactive (Takai et al. 1997; 
Bencharit et al. 2003; Crow et al. 2007). In fact, homology modelling prediction of 
hCES2 structure based on hCES1 has highlighted the presence of the Z-site region, 
which modulates hCES1 trimer–hexamer equilibrium, in the C-terminus of hCES2 
(Vistoli et al. 2010). Further studies concerning CES oligomerization are thus 
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envisioned, being important to carefully design and conduct the studies so that the 
most relevant data, from the biological point of view, are obtained. 
What is the importance of glycosylation in protein stability/solubilisation and 
activity? As previously mentioned, native hCES2 is known to be sensitive to Endo H 
digestion (Pindel et al. 1997). Purified and active human recombinant CES2 bears 
complex-type glycosylation and not high-mannose type, thus sensitive to PNGase F, a 
not so surprising characteristic since further glycosylation modifications are expected 
by the Golgi apparatus on secreted proteins. This glycosylation pattern has previously 
been shown in rat carboxylesterases (Yan et al. 1995): it was observed that both liver 
microsomal and secreted forms existed, with the intracellular form sensitive to Endo 
H digestion and the secreted form sensitive to PNGase F. Rat hydrolase S was shown 
to be secreted from rat primary culture of hepatocytes, unlike rat hydrolases A and B 
which are intracellular. The first does not contain the HXEL C-terminus consensus 
sequence, unlike the non-secreted forms, having also more glycosylation sites (Yan et 
al. 1994; Yan et al. 1995). Moreover, the native deglycosylation of hydrolases A and B, 
purified from rat liver microsomes, has shown no effect on enzyme activity, although 
an increased adsorption to glass and plastic was observed for carbohydrate-free 
hydrolase A (Morgan et al. 1994). As previously hypothesised (Morgan et al. 1994) 
these data may point towards a higher relevance of glycosylation for protein stability 
and solubilisation and not as much for enzymatic activity of mature proteins. Other 
investigators have also highlighted the importance to look at the glycosylation sites in 
order to acquire a deeper understanding of the catalytic mechanism of CESs (Satoh 
and Hosokawa 2006).  
Interesting insights were also previously reported from recombinant 
expression of different CESs. Hydrolase C, a rat carboxylesterase very similar to rat 
hydrolase B, was shown to be inactive when expressed in Escherichia coli, a 
prokaryotic organism, but active when expressed in the baculovirus/insect cell 
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(Sporodeptra fugiperda 21 – Sf21) system (Yan et al. 1995b). Curiously, it was 
reported that for full recombinant hCES1 activity, expressed in baculovirus-insect cell 
system, proper glycosylation (especially N-linked glycosylation) was needed (Kroetz et 
al. 1993). These combined data may point towards differences in the glycosylation 
function not only between intra and extracellular forms but also across different CESs. 
The reasoning behind these differences remains unknown.  
To understand if the post-translational modifications encountered in mature 
human secreted CES2 have an impact on protein stability and solubility, an 
experimental approach could be envisioned where the sugar moieties would be 
removed under native conditions and these data would confirm the previous findings 
in rat liver carboxylesterases (Morgan et al. 1994). Moreover, to address the impact 
of post-translational modifications on the maturation of hCES2, site-directed 
mutagenesis should help to understand if glycosylation is needed for the proper 
folding and activity of this enzyme. A similar approach may be used to study the role 
and the impact of the cysteine residues involved in the formation of disulfide bonds. 
What came first: intra or extracellular forms of CESs in mammals? As 
previously reported, humans do not have CESs in the plasma (Li et al. 2005). 
Nonetheless, other mammals, such as rats and mice, have several intra and 
extracellular carboxylesterase forms (Holmes et al. 2010). Is carboxylesterase 
secretion a common ancestral property in mammals that humans lost throughout 
evolution or is it an acquired characteristic that humans did not need to have? Data 
from rat, shown that native hydrolase S was exclusively secreted from the liver, as no 
mRNA was found in other tissues, and differed from the liver microsomal 
carboxylesterase form only in the glycosylation pattern. These previously reported 
results, may point towards the primary existence of carboxylesterases in the 
intracellular form. Supporting this evidence, the intracellular levels of hydrolase S 
were shown to be lower than the ones of hydrolase A and B. Moreover, both forms of 
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hydrolase S, intra and extracellular, were shown to be regulated by inducer and 
suppressor xenobiotics, at the protein and mRNA levels (Yan et al. 1995). 
Nonetheless, these data do not explain why hydrolase S lost the HXEL C-terminus 
motif or why humans do not have CES secretion. 
A non-human organism where human cells were allowed to grow and develop 
would allow gaining new insights towards the possible influence of the environment 
of the organism for the development of the human cells as well as on CES regulation 
and activity. A model organism was already created (Strom et al. 2010) and patented: 
the FRG™ mouse. This commercially available (Yecuris; Portland, U.S.A.) chimeric 
triple knockout (KO) model for fumarylacetoacetate hydrolase, recombinant 







allows human hepatocytes to grow inside the liver of the animal and almost entirely 
replace native hepatocytes. Rag2 and Il2rg absence renders these mice 
immunodeficient, allowing the prompt acceptance of engrafted human hepatocytes. 
Fah KO leads to chronic liver damage in the mice, which is prevented by 2-(2-nitro-4-
trifluoro-methylbenzoyl)1,3-cyclohexedione (NTBC), keeping them healthy. Upon 
human hepatocyte transplantation, the removal of NTBC application provides the 
selective advantage for the repopulation of the injured mouse liver (Strom et al. 
2010). This model provides an opportunity for evaluating the expression and activity 
of hCES2, as well as other CESs, in human hepatocytes grown in a non-human 
organism in order to understand if changes in the enzymatic profile arise not only in 
comparison to the parental transplanted population but also throughout the 
repopulation stages. This strategy was already applied in the study of other drug 
metabolising enzymes, such as the cytochrome P450 (CYP) family, in various chimeric 






 model, it was shown that the 
expression levels of different CYP genes as well as their transcriptional inducers, 
pregnane X receptor (PXR) and constitutive androstane receptor (CAR; Lim and Huang 
2008), were similar to the ones found in the donor population (Azuma et al. 2007). To 
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our best knowledge, no data concerning CES expression was reported using this 
strategy.     
This approach would also allow comparing the sera from healthy (control), 
KO, and humanised mice at different stages of repopulation, as mentioned. Through 
CES protein and activity specific detection in the sera, it would be possible to 
investigate whether a decrease in mice CES expression or activity levels occurred 
throughout time. If so, it would point towards a decrease in CES secretion due to the 
decrease in the amount of mice cells in the liver, as would be expected. If not, it might 
mean that mice cells were able to sense the eventual decrease of CES levels in the 
blood and increase secretion of more active enzymes. Another possibility would be 
that the repopulating cells might somehow acquire (or re-acquire) the ability to 
secrete CESs or that they can reprogram themselves or be reprogramed by the 
environment to do so. This would be a tremendous result, providing new insights 
towards mice and human CESs expression and activity regulation, strengthening the 
quest of understanding why human cells do not secrete CESs while other animals do.  
5.3 Improving Caco-2 cells 
Fitted with a deep knowledge about hCES2, Caco-2 cells were successfully genetically 
engineered, obtaining a population with increased hCES2 mRNA, protein expression 
and activity levels, as described in Section 4, without changing crucial Caco-2 
characteristics, such as differentiation and polarisation. Through clonal selection by 
limiting dilution, it was possible to generate a Caco-2 CES2 cell line that may be 
suitable in the future for the coupling of in vitro intestinal transport and metabolism 
evaluation of pharmaceutically relevant compounds. It was previously highlighted 
that the coupling of these two mechanisms would render an ideal in vitro 
permeability model (Balimane and Chong 2005). 
Through stability evaluation of hCES2 expression throughout passaging and 
differentiation, an obvious decay was observed rendering this newly developed cell 
Section 5 
148 
line unsuitable for drug testing at higher passages. Testing the permeability and 
metabolism of ester containing drugs and prodrugs will be possible through the 
establishment of a large cell bank at a low passaging level, as previously reported 
(Crespi et al. 1996) or, alternatively, through the transient transfection of Caco-2 with 
the hCES2 gene. 
The reasons for the observed expression instability remain unclear. The 
general problem to stably modify Caco-2 cells was mentioned before (Korjamo et al. 
2006). It is apparently not related to the chosen methodology for gene expression as 
the same instability was previously reported following a different strategy in terms of 
the chosen transgene, cell transfection and selection pressure (Crespi et al. 1996). Our 
data also point towards an independency of selection pressure used since the decline 
in hCES2 activity was detected both in the presence and in the absence of the 
antibiotic.  
As there are several reports for the stable transfection of Caco-2 cells, with 
different transgenes, without effectively showing cell line stability at later stages, it 
may be envisioned that a possible common mechanism exists through which the cells 
effectively repress the expression of exogenous genes (Crespi et al. 1996; Hilgendorf 
et al. 2004; Gautrey et al. 2011). In the case of hCES2, our data shows that the 
regulation is not at the activity level since it is accompanied by a decrease in protein 
expression. As mentioned in Section 4, due to a clear response of hCES2 mRNA during 
the differentiation period in Caco-2 CES2 stably transfected population, we 
hypothesise that transcription may be at the level of regulation of exogenous hCES2 
expression. We cannot exclude that repression mechanisms may exist at the DNA 
level.   
To understand the level where regulation of the expression occurs, several 
approaches may be followed in the future. If hCES2 mRNA also reflects the verified 
instability, different efforts may be envisioned to understand if this is due to decay in 
the transcription or the turnover rate of mRNA. Xenobiotic inducers of CES 
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expression, known to act at the transcription level, may help to differentiate between 
these two hypotheses. The usage of these inducers, as a solution towards a more 
stable cell line suitable for drug testing at higher passaging levels, seems 
unreasonable since they would affect the expression of other key enzymes and other 
proteins. Another possibility is the usage of CES specific substrates as a way to induce 
or keep the expression of these enzymes. Similar strategies may be followed to 
further investigate whether epigenetic mechanisms are silencing the transgene at the 
DNA level. If such mechanisms are proven to be regulating the expression of the 
transgene, different approaches towards its stable expression must be pursued. One 
of these may be the targeted integration of CES2 following cassette exchange on a 
previously screened stable chromosomal locus, an approach successfully followed in 
the past in other human cell lines (Schucht et al. 2006; Coroadinha et al. 2006). The 
use of insulators sequences may also be an option if the problem arises from 
transcriptional silencing. Chromatin insulators are regulatory elements known to 
reduce the interaction between integrated expression vectors and the surrounding 
cell genome. These interactions may be a source of expression instability associated 
with the integrated transgenes (Emery 2011; van Bortle and Corces 2012). 
In a time where there are ethical, economic, and regulatory needs for better 
alternatives to animal experimentation, this approach has the potential of becoming 
an invaluable tool. Further metabolic improvements may be envisioned, such as 
hCES1 down-regulation and CYP3A4 up-regulation, leading to the establishment of an 
increasingly better in vitro intestinal permeability tool that may be used for research 
purposes as well as pre-clinical studies contributing to the 3R policy, to Replace, 




5.4 Final remarks 
Overall, the work described in this thesis contributed significantly to the 
progress of the current state of the art on xenobiotic metabolism and permeability 
fields. Important advancements were made which contributed to the improvement of 
tools for human carboxylesterases studies: a new capillary electrophoresis method 
enabling the quantification of specific hCES2 activity, using up to 7 times less sample 
than classical spectrophotometric methods, was developed. This methodology, having 
the potential to be extended for the quantification of other hCESs, allows performing 
determinations even when substrate, product, or inhibitors absorb at the same 
wavelength.  
A significant contribution was also made to the current knowledge on 
carboxylesterases, through the production and purification of hCES2 in human cells, 
showing, for the first time, the ability of this enzyme to oligomerize. Moreover, 
through the secretion of the enzyme, not only were the production yields boosted, 
achieving 50 mg.L
-1
, but also allowed to find the addition of a C-terminal Histidine tag 
was enough to potentiate hCES2 secretion. In a time when increased awareness to 
interspecies variation exists, as well as growing attention is being devoted to these 
enzymes in anti-cancer combined therapies, the contributions of better human 
carboxylesterases manufacturing techniques and increased understanding on how 
these enzymes behave are invaluable.  
Additionally, a modified intestinal permeability model, based on the widely 
used Caco-2 cell line, was generated. A population of Caco-2 with two-fold increased 
hCES2 activity was obtained and through this, a cell clone was isolated with a six-fold 
increase in the activity of the protein. The establishment of this cell line constitutes an 
important contribution to the current in vitro tools used to determine the intestinal 
permeability, in an urgent time for the effective application of the 3R policy. 
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A.1 CES2 protein across different species  
The following table is the extended version of Table 1.2, presented in Section 1, containing all 
the hits until hCES1 sequence (one hundred and sixty six hits in total).  
As mentioned in Section 1, a BLAST-P search was performed in ESTHER database against all 
protein sequences available (http://bioweb.ensam.inra.fr/ESTHER/general?what=index), using 
as query, the amino acid (a.a.) sequence of hCES2. All the hits were considered, except those 
classified by the database as belonging to the Carb_B_FragtPseudo group, as these constitute 
incomplete sequences. Moreover, the hits were cross-checked against UniProtKB/Swiss-Prot 
database (http://www.uniprot.org) and only those having an identifiable entry were 
considered (forty eight in total, for Table 1.2; one hundred and fifty two for Table A.1).  
The default parameters of the program, in the mentioned webpage, were used: substitution 
matrix – blocks of amino acid substitution matrix 62 (BLOSUM62); gapped alignment; gap 
penalties: existence – 11; extension – 1. 
As also mentioned in Section 1, the sequence identities towards the used query (ID), as well as 
additional information are provided. These include: protein accession numbers in ESTHER and 
UniProt databases; alternative protein entries (italicized); protein name and function 
information available at UniProt database; gene designation (italicized) when existing; 
GeneBank accession number; level of experimental evidence of protein existence (evp); length 
of the full protein (#AA) as well as the last four amino acids. Moreover, the score (S; in bits) for 
each alignment as well as the expectation value (E-value) are shown. Additional references, 
not mentioned in Section 1, may be found in the end of this section.  
The UniProt evp levels were followed (http://www.uniprot.org/manual/protein_existence). 
The criteria for the five types of evidence for the existence of a protein are herein transcribed:  
Evidence at protein level - experimental evidence for the existence of the protein. Criteria: 
partial or complete Edman sequencing, identification by mass spectrometry, X-ray or NMR 
structure, good quality protein-protein interaction or detection of the protein by antibodies. 
Evidence at transcript level - existence of a protein has not been strictly proven; expression 
data (such as existence of cDNA(s), RT-PCR or Northern blots) indicate the existence of a 
transcript. 
Inferred by homology - existence of a protein is probable because clear orthologs exist in 
closely related species. 
Predicted - entries without evidence at protein, transcript, or homology levels. 
Uncertain - existence of the protein is unsure. 
Appendices 
158 
Table A.1 CES2 protein across different species  









ESTHER  GeneBank  










100 559 HTEL human-2cxes  Y09616.1 
1136 / 
0.0 
Detoxification of xenobiotics and activation of ester and 
amide prodrugs. High catalytic efficiency for hydrolysis of 
cocaine, 4-MUBA, heroin and 6-monoacetylmorphine. (Pindel 
et al. 1997) 







483 /  
1e-136 
Carboxylesterase activity (evp: protein level; Sanghani et al. 
2004) 
Liver carboxylesterase 1 P23141 46 567 HIEL human-cxest 
AB119998, 
AB119996, M65261  
473 /  
1e-133 
Carboxylesterase activity (evp: protein level) 
Pan troglodytes (Chimpanzee – class Mammalia)             
Uncharacterised Protein H2QBA6 97 623 HTEL pantr-h2qba6 AACZ03102754.1 1111 / 
0.0 
Hydrolase activity (evp: predicted) 




478 /  
1e-135 
Hydrolase activity (evp: predicted) 
Uncharacterised Protein H2R2Y7 46 567 HIAL pantr-h2r2y7 AACZ03103390 483 /  
1e-136 
Hydrolase activity (evp: predicted) 





95 623 HTEL gorgo-g3qyw6 - 
1087 / 
0.0 




Pongo abelii (Sumatran orangutan - class Mammalia)           
Uncharacterised Protein H2NR54 93 623 HTEL ponab-h2nr54 - 
1071 / 
0.0 
Hydrolase activity (evp: predicted) 
Carboxylesterase 3 Q5RCL7 49 569 QEDL ponab-est3 CR857194, CR858253 
513 /  
1e-146 
Carboxylesterase activity (evp: transcript level) 
Putative uncharacterised 
protein 
Q5R545 46 566 HIEL ponpy-q5r545 CR861029 
473 /  
1e-134 
Hydrolase activity (evp: transcript level) 
Nomascus leucogenys (Northern white-cheeked gibbon - class Mammalia)       
Uncharacterised Protein G1QVW2 91 606 HTEL nomle-g1qvw2 ADFV01013581.1 
1031 / 
0.0 
Hydrolase activity (evp: predicted) 
Uncharacterised protein 
(CES3) 
G1QVY9 47 571 QEDL nomle-g1qvy9 ADFV01013581 
482 /  
1e-136 
Hydrolase activity (evp: predicted) 
Uncharacterised protein 
(CES1) 








479 /  
1e-135 
Hydrolase activity (evp: predicted) 
Papio hamadryas (Hamadryas baboon - class Mammalia)           
Ces2 B5TZ26 90 561 HTEL papha-b5tz26 FJ147179.1 
1030 / 
0.0 
Hydrolase activity (evp: transcript level; Holmes et al. 2009) 
Carboxylesterase 1 B5TZ25 46 567 HIEL papha-b5tz25 FJ147178 
475 /  
1e-134 
Hydrolase activity (evp: transcript level; Holmes et al. 2009) 
Macaca mulatta (Rhesus monkey - class Mammalia)           
Uncharacterised Protein F6UNJ2 88 543 HTEL macmu-f6unj2 - 
1004 / 
0.0 
Hydrolase activity (evp: predicted) 
Uncharacterised Protein G7NQ39 88 543 HTEL macmu-g7nq39 CM001272.1 
1003 / 
0.0 
Hydrolase activity (evp: predicted) 
Uncharacterised Protein F7AA58 48 534 HIEL macmu-f7aa58 - 
484 /  
1e-137 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt) 
Uncharacterised protein 
(CES5A) 
F7AIM4 47 581 VIFL macmu-f7aim4 - 
478 /  
1e-135 




46 566 HIEL macmu-f7ai42 - 
478 /  
1e-135 
























618 /  
1e-177 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt) 





77 534 HTEL ailme-d2h9c9 
GL192596.1, 
ACTA01043044.1 





49 551 SSAP ailme-d2gtv3 
GL192338, 
ACTA01072786 
493 /  
1e-139 
Hydrolase activity (evp: predicted; Li et al. 2010) 
Uncharacterised protein 
(CES1) 
G1MDR5 46 565 HVEL ailme-g1mdr5 
ACTA01064786, 
ACTA01072786 
482 /  
1e-136  
Hydrolase activity (evp: predicted; Li et al. 2010) 
Equus caballus (Horse - class Mammalia)               
Uncharacterised Protein F7BJ10 77 579 HTEL horse-f7bj10 - 892 / 0.0 Hydrolase activity (evp: predicted; Wade et al. 2009) 
Uncharacterised Protein 
(CES5A) 
F7C7A8 48 513 ETLP horse-f7c7a8 - 
483 /  
1e-136 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt; Wade et al. 2009)  
Uncharacterised Protein F6VXP7 46 565 HVEL horse-f6vxp7 - 
485 /  
1e-137 
Hydrolase activity (evp: predicted; Wade et al. 2009) 
Uncharacterised Protein F6ZMG7 46 567 HVEL horse-f6zmg7 - 
484 /  
1e-137 
Hydrolase activity (evp: predicted; Wade et al. 2009) 
Uncharacterised Protein F6UN85 46 565 HVEL horse-f6un85 - 
484 /  
1e-137 
Hydrolase activity (evp: predicted; Wade et al. 2009) 
Loxodonta africana (African bush elephant - class Mammalia)         
Ces2 G3TN98 76 554 HTEL loxaf-g3tn98 - 852 / 0.0 Hydrolase activity (evp: predicted)  
Uncharacterised Protein 
(CES5A) 
G3T3N6 49 575 FFAP loxaf-g3t3n6 - 
487 /  
1e-138 
Hydrolase activity (evp: predicted)  
Uncharacterised Protein G3TEZ9 47 537 EHIE loxaf-g3tez9 - 
496 /  
1e-140 
Hydrolase activity (evp: predicted; note: described as 






47 565 HIEL loxaf-g3t504 - 
493 /  
1e-139 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt)  
Uncharacterised Protein G3UGH4 45 566 HIEL loxaf-g3ugh4 - 
475 /  
1e-134 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt)  
Uncharacterised Protein 
(CES3) 
G3SP52 44 576 QEEL loxaf-g3sp52 - 
474 /  
1e-134 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt)  
Canis lupus familiaris (Dog - class Mammalia)             




48 575 SSAP canfa-cauxin 
NM_001003969, 
AB186392 
493 /  
1e-139 






47 565 HVEL canfa-CESDD1 
AB023629; 
AAEX03001588 
498 /  
1e-141 
Hydrolase activity (evp: transcript level; Lindblad-Toh et al. 
2005) 
Oryctolagus cuniculus (European rabbit - class Mammalia)           
Uncharacterised Protein G1TZV1 74 558 HTEL rabit-g1tzv1 AAGW02053044.1 853 / 0.0 Hydrolase activity (evp: predicted)  
Uncharacterised Protein G1SJQ8 74 621 HTEL rabit-g1sjq8 AAGW02067905.1 852 / 0.0 Hydrolase activity (evp: predicted)  
Uncharacterised protein G1T6X7 74 558 HTEL rabit-g1t6x7 AAGW02053044.1 850 / 0.0 Hydrolase activity (evp: predicted)  
Uncharacterised protein G1TDR0 74 534 HTEL rabit-g1tdr0 AAGW02067906.1 820 / 0.0 Hydrolase activity (evp: predicted)  
Uncharacterised protein G1T7P3 73 532 HTEL rabit-g1t7p3 AAGW02053044.1 825 / 0.0 Hydrolase activity (evp: predicted)  
Uncharacterised protein G1T7Q5 73 561 HTEL rabit-g1t7q5 AAGW02053044.1 813 / 0.0 Hydrolase activity (evp: predicted) 
Uncharacterised protein G1SN51 72 561 HTEL rabit-g1sn51 
AAGW02067906.1 
AGW02067907.1 
832 / 0.0 Hydrolase activity (evp: predicted)  
Uncharacterised protein G1TMC5 72 556 HTEL rabit-g1tmc5 AAGW02053046.1 808 / 0.0 Hydrolase activity (evp: predicted) 
Liver carboxylesterase 2 P14943 72 532 HTEL rabit-2cxes - 798 / 0.0 
Detoxification of xenobiotics and activation of ester and 
amide prodrugs. (evp:protein level; Ozols J 1989) 
Uncharacterised protein G1SF18 72 422 HKEL rabit-g1sf18 AAGW02067904 633 / 0.0 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt) 
Uncharacterised protein G1T6L1 71 528 HTEL rabit-g1t6l1 AAGW02053044.1 778 / 0.0 Hydrolase activity (evp: predicted) 
Uncharacterised protein G1T441 71 470 FARN rabit-g1t441 AAGW02053044 681 / 0.0 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt) 
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Uncharacterised protein G1T867 70 469 ARNG rabit-g1t867 AAGW02053044 665 / 0.0 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt) 
Uncharacterised protein G1SF73 67 552 QTEL rabit-g1sf73 - 739 / 0.0 Hydrolase activity (evp: predicted) 
Uncharacterised protein 
(Ces5A) 
G1SRM0 48 536 LSSL rabit-g1srm0 AAGW02052800 
493 /  
1e-140 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt) 
Uncharacterised protein G1SRL5 45 564 HIEL rabit-g1srl5 AAGW02052800 
473 /  
1e-133 
Hydrolase activity (evp: predicted) 
Rattus norvegicus (Brown rat - class Mammalia)           
Ces2h Q32Q55 73 558 HTEL ratno-q32q55 BC107806.1 858 / 0.0 
Carboxylesterase activity (evp: transcript level; Gibbs et al. 
2004) 
LOC679149 protein Q4QR68 70 561 HTEL ratno-q4qr68 BC097486.1 797 / 0.0 Carboxylesterase activity (evp: transcript level) 
Ces2E G3V7J5 70 557 HTEL ratno-phebest 
D50580.1, 
CH474006.1 
792 / 0.0 Hydrolase activity (evp: predicted; Gibbs et al. 2004) 
Ces2c G3V9D8 70 561 HAEL ratno-pbcxe 
AB010635.1, 
CH473986.1 
778 / 0.0 Hydrolase activity (evp: predicted; Gibbs et al. 2004) 
Carboxylesterase (Ces2) O70177 69 561 HAEL ratno-sicxe AB010632 789 / 0.0 Carboxylesterase activity (evp: predicted) 
Ces2g D3ZXQ0 67 560 HKEL ratno-d3zxq0 CH473972.1 759 / 0.0 Carboxylesterase activity (evp: predicted; Gibbs et al. 2004) 
Ces2j D3ZP14 67 556 HAEL ratno-d3zp14 - 726 / 0.0 Hydrolase activity (evp: predicted; Gibbs et al. 2004) 
Carboxylesterase (Protein 
Ces2a) 
Q8K3R0 66 558 HAEL ratno-LOC246252 
NM_144743, 
AY034877 
757 / 0.0 
Carboxylesterase activity (evp: transcript level; Gibbs et al. 
2004) 










496 /  
1e-140 
Major lipase in white adipose tissue; carboxylesterase activity 
and  long-chain-fatty-acyl ethyl ester hydrolase activity (evp: 
protein level; Robbi et al. 1990) 




480 /  
1e-135 
Carboxylesterase activity (evp: protein level; Takagi et al. 
1998) 
Carboxylesterase 1E Q63108 46 561 HTEL ratno-3cxes AY387066 
476 /  
1e-134 




45 565 HVEL ratno-q68g49 BC078681 
483 /  
1e-136  
Hydrolase activity (evp: predicted; Gerhard et al. 2004). Note: 
P80250 is classified as Palmitoyl-CoA hydrolase (64 a.a.) 
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Cavia porcellus (Guinea pig - class Mammalia)             
Uncharacterised protein 
(CES2) 
H0V5V8 73 568 HTEL cavpo-h0v5v8 - 844 / 0.0 Carboxylesterase activity (evp: predicted) 
Uncharacterised protein 
(CES5A) 
H0V479 48 542 NIVP cavpo-h0v479 - 
479 /  
1e-135 
Hydrolase activity (evp: predicted) 
Uncharacterised protein H0VJ36 46 561 RSRH cavpo-h0vj36 - 
484 /  
1e-137 
Carboxylesterase activity (evp: predicted) 
Uncharacterised protein H0V1B7 45 565 HVEL cavpo-h0v1b7 - 
480 /  
1e-135 





45 565 HTEL cavpo-cxest D67037, AB010634 
476 /  
1e-134  
Hydrolase activity (evp: predicted) 
Bos taurus (Aurochs - class Mammalia)               
Ces2 (intestine, liver) 
Q3T0R6 
(F1MU22) 
72 553 HTEL bovin-q3t0r6 
BC102288.1, 
AAFC03046191.1 
812 / 0.0 Carboxylesterase activity (evp: transcript level) 
Uncharacterised protein 
(CES5A) 
E1BN79 49 576 SFAP bovin-e1bn79 AAFC03022775 
483 /  
1e-136 












491 /  
1e-139 
Carboxylesterase activity (evp: transcript level); Note, 
alternative form Q0VCI3 shows a different C-terminus a.a. - 
RHHT) 




46 565 HVEL bovin-q5myb8 AY369075, BC102781 
483 /  
1e-137 
Carboxylesterase activity (evp: transcript level; Zimin et al. 
2009) 
Heterocephalus glaber (Naked mole rat - class Mammalia)           
Carboxylesterase 2 G5BZE3 72 553 HAEL hetga-g5bze3 JH172552.1 815 / 0.0 Hydrolase activity (evp: predicted; Kim et al. 2011) 
Carboxylesterase 2 G5BDH8 71 523 LFLL hetga-g5bdh8 JH169662 717 / 0.0 Hydrolase activity (evp: predicted; Kim et al. 2011) 
Carboxylesterase 2 G5BP68 70 570 AAQE hetga-g5bp68 JH171227.1 788 / 0.0 Hydrolase activity (evp: predicted; Kim et al. 2011) 
Carboxylesterase 2 G5BP66 69 562 HAEL hetga-g5bp66 JH171227.1 781 / 0.0 Hydrolase activity (evp: predicted; Kim et al. 2011) 
Carboxylesterase 2 G5BP67 67 527 PDEL hetga-g5bp67 JH171227 704 / 0.0 Hydrolase activity (evp: predicted; Kim et al. 2011) 
Carboxylesterase 2 G5BP65 61 534 HTEL hetga-g5bp65 JH171227 672 / 0.0 Hydrolase activity (evp: predicted; Kim et al. 2011) 
Carboxylesterase 3 G5BSD4 47 553 HMEE hetga-g5bsd4 JH171634 
480 /  
1e-135 
Hydrolase activity (evp: predicted; Kim et al. 2011) 
Carboxylesterase 3 G5AS32 46 566 HIEL hetga-g5as32 JH166723 
486 /  
1e-137  
Hydrolase activity (evp: predicted; Kim et al. 2011) 
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Liver Carboxylesterase 1 G5AMH8 45 582 HTEL hetga-g5amh8 JH165998 
482 /  
1e-136 
Hydrolase activity (evp: predicted; Kim et al. 2011) 
Mus musculus (House mouse - class Mammalia)             
Ces2h F6Z9B9 72 558 HKEL mouse-Ces2h 
AC166833.4, 
XM_488149.1 
850 / 0.0 Carboxylesterase activity (evp: predicted; Church et al. 2009) 
Ces2c Q91WG0 71 561 HREL mouse-Ces2c 
BC015290.1, 
AC166833.4 
812 / 0.0 




D3YWM6 71 558 HREL mouse-Ces2d-ps - 799 / 0.0 Hydrolase activity (evp: predicted; Church et al. 2009) 
Ces2b Q6PDB7 71 556 HTEL mouse-Ces2b BC058815.1 783 / 0.0 
Carboxylesterase activity (evp: transcript level; Mural et al. 
2002) 
Carboxylesterase 5 (Protein 
Ces2e) 
Q8BK48 70 559 HKEL mouse-Ces2e 
XM_134366, 
BC022148 
817 / 0.0 Carboxylesterase activity (evp: transcript level) 




779 / 0.0 
Carboxylesterase activity (evp: transcript level; Church et al. 
2009) 
Putative uncharacterised 
protein Ces2a Ces6 
Q3TMR2 
(E9Q3D0) 








64 561 IKAV mouse-Ces2f AC166833, BC117743 721 / 0.0 










479 /  
1e-135 
Hydrolase activity (evp: transcript level; Miyazaki et al. 2006) 
Carboxylesterase 1D 
(Carboxylesterase 3) 





486 /  
1e-137 






45 562 HTEL mouse-Ces1e 
S80191, AK144549, 
AC162949 
483 /  
1e-137 
Carboxylesterase activity (evp: protein level; Ovnic et al. 
1991)  
Cricetulus griseus (Chinese hamster - class Mammalia)            
Carboxylesterase 2 G3IIG3 71 511 HGEL crigr-g3iig3 JH003006.1 783 / 0.0 Hydrolase activity (evp: predicted; Xu et al. 2011) 
Liver carboxylesterase G3IIG1 70 561 HKEL crigr-g3iig1 JH003006.1 815 / 0.0 Hydrolase activity (evp: predicted; Xu et al. 2011) 
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Liver Carboxylesterase G3I767 70 535 HKEL crigr-g3i767.2 JH001411.1 780 / 0.0 Hydrolase activity (evp: predicted; Xu et al. 2011) 
Liver carboxylesterase G3I766 69 561 HQEL crigr-g3i766 JH001411.1 801 / 0.0 Hydrolase activity (evp: predicted; Xu et al. 2011) 
Liver carboxylesterase G3I769 67 545 HAEL crigr-g3i769 JH001411.1 742 / 0.0 Hydrolase activity (evp: predicted; Xu et al. 2011) 
Liver carboxylesterase G3IIG0 64 529 NKNV crigr-g3iig0 JH003006 714 / 0.0 Hydrolase activity (evp: predicted; Xu et al. 2011) 
Liver carboxylesterase G3I770 61 420 HAEL crigr-g3i770 JH001411 
551 /  
1e-157 
Hydrolase activity (evp: predicted; Xu et al. 2011) 
Liver carboxylesterase G3I768 57 449 HTEL crigr-g3i768 JH001411 
546 /  
1e-156 
Hydrolase activity (evp: predicted; Xu et al. 2011) 
Liver carboxylesterase 1 G3I7X9 46 765 HVEL crigr-g3i7x9.2 JH001461 
481 /  
1e-136 
Hydrolase activity (evp: predicted; Xu et al. 2011) 
Mesocricetus auratus (Golden hamster - class Mammalia)           
Carboxylesterase O35533 70 559 HQEL mesau-cxest2 D50577 807 / 0.0 
Carboxylesterase activity (evp: trancript level; Sone et al. 
1994) 
Liver carboxylesterase Q64419 66 561 HSEL mesau-cxest D28566.1 743 / 0.0 
Detoxification of xenobiotics and activation of ester and 
amide prodrugs. (evp: transcript level; Sone et al. 1994) 
Carboxylesterase O35534 46 565 HAEL mesau-cxest3 D50578 
487 /  
1e-138 
Carboxylesterase activity (evp: trancript level; Sone et al. 
1994) 
Otolemur garnettii (Small-eared galago - class Mammalia)           






670 / 0.0 Hydrolase activity (evp: predicted) 







489 /  
1e-138 
Hydrolase activity (evp: predicted) 




58 551 RVEL sarha-g3w1a9 
AEFK01033471, 
AEFK01033472 
645 / 0.0 Hydrolase activity (evp: predicted; Miller et al. 2011) 
Uncharacterised protein G3VZX8 58 551 DQQS sarha-g3vzx8 
AEFK01033470, 
AEFK01033471 






49 568 RSEL sarha-g3vgt0 
AEFK01039751, 
AEFK01039752 
496 /  
1e-140 
Hydrolase activity (evp: predicted; Miller et al. 2011) 
Uncharacterised protein G3VRX2 48 563 HIEL sarha-g3vrx2 AEFK01037694 
521 /  
1e-148  
Hydrolase activity (evp: predicted; Miller et al. 2011) 
Uncharacterised protein G3VRX3 48 567 HIEL sarha-g3vrx3 AEFK01037694 
520 /  
1e-147 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt; Miller et al. 2011) 





489 /  
1e-138 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt; Miller et al. 2011) 





481 /  
1e-136 
Hydrolase activity (evp: predicted; Miller et al. 2011) 





58 535 RMEL mondo-f7gep4 - 630 / 0.0 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt; Mikkelsen et al. 2007) 
Carboxylesterase 2-like 








58 550 DHDY mondo-b2bsf5 EU019537 
625 /  
1e-179 
Hydrolase activity (evp: transcript level; Holmes et al. 2008).  
Note: F7C7U9 to XF9 described as fragments; evp: predicted.  
Uncharacterised protein F7C7T8 56 487 RMEL mondo-f7c7t8 - 
592 /  
1e-169 
Hydrolase activity (evp: predicted; note: described as 









49 509 NITL mondo-b2bsz5 EU074630 
481 /  
1e-136 
Hydrolase activity (evp: transcript level; note: described as 
fragment in UniProt; Holmes et al. 2008). Note: HIEL appears 
in the alternative fragments, in UniProt  
Uncharacterised protein F7C7P0 47 541 HVEL mondo-f7c7p0 - 
481 /  
1e-136 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt; Mikkelsen et al. 2007) 
Uncharacterised protein F7G265 46 539 HVEL mondo-f7g265 - 
484 /  
1e-137 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt; Mikkelsen et al. 2007) 
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Uncharacterised protein F7C7R1 46 540 HVEL mondo-f7c7r1 - 
479 /  
1e-135 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt; Mikkelsen et al. 2007) 
Uncharacterised protein F7C7P6 46 540 HVEL mondo-f7c7p6 - 
478 /  
1e-135 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt; Mikkelsen et al. 2007) 
Uncharacterised protein F6SLK2 45 531 EKPV mondo-f6slk2 - 
475 /  
1e-134 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt; Mikkelsen et al. 2007) 
Anolis carolinensis (Green anole - class Reptilia)       
Uncharacterised protein H9GHC5 50 562 HQEL anoca-h9ghc5 - 
541 /  
1e-154 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt) 
Uncharacterised protein H9GB75 49 571 HQEL anoca-h9gb75 - 
538 /  
1e-153 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt) 
Uncharacterised protein H9G4C9 49 559 HREL anoca-h9g4c9 - 
531 /  
1e-151 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt) 
Uncharacterised protein H9GGH4 48 564 HREL anoca-h9ggh4 - 
514 /  
1e-146 
Hydrolase activity (evp: predicted) 
Uncharacterised protein H9GCS3 48 546 DTPR anoca-h9gcs3 - 
501 /  
1e-142 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt) 
Xenopus laevis (African clawed frog - class Amphibia)         
LOC443703 protein Q6GM54 50 568 HVEL xenla-q6gm54 BC074230 
526 /  
1e-149 
Hydrolase activity (evp: transcript level; note: described as 











521 /  
1e-148 
Hydrolase activity (evp: transcript level; note: described as 
fragment in UniProt) 











526 /  
1e-149 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt; Hellsten et al. 2010) 








525 /  
1e-149  
Hydrolase activity (evp: predicted; note: described as 




protein MGC89138 (Ces2) 
Q640T6 
(F6YVB0) 




521 /  
1e-148 
Hydrolase activity (evp: transcript level; note: described as 










517 /  
1e-147 
Hydrolase activity (evp: transcript level; Hellsten et al. 2010) 
Uncharacterised protein 
(Ces3) 
F6YVE5 48 584 HIEL xentr-f6yve5 
AAMC01136814, 
AAMC01136815 
512 /  
1e-145 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt; Hellsten et al. 2010) 
Uncharacterised protein F6V2J6 48 564 RAEL xentr-f6v2j6 AAMC01049999 
494 /  
1e-140 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt; Hellsten et al. 2010) 
Taeniopygia guttata (Zebra finch - class Aves)         
Uncharacterised protein H0ZHA8 49 528 HTDL taegu-h0zha8 - 
498 /  
1e-141 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt; Warren et al. 2010) 




47 564 RTEL ornan-f6s0q0 - 
506 /  
1e-143 
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt; Warren et al. 2008) 
Anas platyrhynchos (Mallard – class Aves)       
Fatty acyl-CoA hydrolase 
precursor, medium chain 
(thioesterase B) 
Q04791 47 557 HTDL anapl-thioe L05493 
497 /  
1e-141 
Hydrolase activity; fatty acid biosynthetic process (evp: 
protein level; Hwang et al. 1993) 
Myotis lucifugus (Little brown bat - class Mammalia)         
Uncharacterised protein 
(CES5A) 
G1PJM4 47 576 SFSH myolu-g1pjm4 AAPE02051406 
485 /  
1e-137 
Hydrolase activity (evp: predicted) 
Uncharacterised protein G1Q4P0 47 538 RTHT myolu-g1q4p0 AAPE02051407 
483 /  
1e-137  
Hydrolase activity (evp: predicted; note: described as 
fragment in UniProt) 
Uncharacterised protein G1QAF3 46 566 RIEL myolu-g1qaf3 
AAPE02051406, 
AAPE02051407 
490 /  
1e-139 
Hydrolase activity (evp: predicted; note: described as 





46 565 HIEL myolu-g1nw29 AAPE02051407 
488 /  
1e-138 
Hydrolase activity (evp: predicted) 
Sus scrofa (Pig - class mammalia)             
Uncharacterised protein F1RF14 46 565 HAEL sussc-O97582 AF064741, CU694664 
488 /  
1e-138 
Hydrolase activity (evp: predicted). Note: UniProt sequence is 
incomplete; GeneBank sequence was used as reference.  
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Liver carboxylesterase Q29550 46 566 HAEL sussc-cxest 
X63323, EF525540, 
CU694664 
488 /  
1e-138 
Hydrolase activity (evp: protein level; David et al. 1998) 
Alternative pig liver 
esterase 
A9GYW6 46 548 HAEL sussc-a9gyw6 AM774149 
485 /  
1e-137 
Carboxylesterase activity (evp: transcript level; note: 
described as fragment in UniProt; Hermann et al. 2008) 
Felis catus (Domestic cat - class Mammalia)         
Carboxylesterase (CES-K1) Q766D7  46 566 HVEL felca-CESK1 AB114676 
488 /  
1e-138 
Hydrolase activity (evp: transcript level; Miyazaki et al. 2006) 
Carboxylesterase (CES1) Q864S9 46 566 HVEL felca-CES1 AB094147 
483 /  
1e-136 
Hydrolase activity (evp: transcript level; Miyazaki et al. 2006) 










484 /  
1e-137  
Hydrolase activity (evp: predicted; Hillier et al. 2004 for 
International Chicken Consortium). 
Macaca fascicularis (Long-tailed macaque - class Mammalia)       
Liver carboxylesterase 1 O46421 47 566 HIEL macfa-cxest AB010633 
481 /  
1e-136 
Carboxylesterase activity (evp: trancript level) 
Microtus ochrogaster (Prairie vole - class Mammalia)         
Esterase 1 E0V882 47 547 HTEL micoh-e0v882 DP001217 
479 /  
1e-135  
Hydrolase activity (evp: predicted) 
Esterase 1 E0V887 47 547 HTEL micoh-e0v887 DP001218 
479 /  
1e-135 
Hydrolase activity (evp: predicted) 
Salmo salar (Atlantic salmon - class Actinopterygii)         
Fatty acyl-CoA hydrolase, 
medium chain (SASB) 
C0PUR6 45 556 SQGN salsa-c0pur6 BT072689 
474 /  
1e-134 
Hydrolase activity (evp: transcript level; note: described as 
fragment in UniProt) 
Brachydanio rerio (Zebrafish - class Actinopterygii)         








45 546 LHTA danre-q5bji3 BC091470, BX908765 
474 /  
1e-134 




A.2 Maps of plasmid vectors  
Figure A.1 pDEST26-CES2 vector map. Generated with Vector NTI v.6.0. software (Invitrogen). Plasmid 
vector mentioned in Section 2.  
Figure A.2 pCI-neo-CES2 vector map. Generated in Vector NTI v.6.0. software. Plasmid vector mentioned 
in Sections 3 and 4. 
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Figure A.3 pCI-neo-CES2-10xHis vector map. Generated in Vector NTI v.6.0. software. Plasmid vector 
mentioned in Sections 3 and 4. 
Abbreviations: hCES2 – human carboxylesterase gene (geneID 8824); T7 – Escherichia coli bacteriophage 
T7 promoter; SV40 early promoter – eukaryotic simian virus 40 promoter and origin of replication 
enabling episomal replication in cell lines expressing SV-40 large T antigen; polyA – polyadenylation 
signal; Neo(R) – neomycin resistance gene; bla – ampicillin; Amp(R) – ampicillin resistance gene); pUC – 
prokaryotic replication origin (high copy); f1 – phage F1 replication origin (for ssDNA); CMV -  
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Thesis Cover: Composite image of a “laughing” Caco-2 clone, growing for 14 days without dividing, and
the flow diagram developed for CES2 specific activity identification and quantification.
“A great pleasure in life is doing what people say you cannot do.”
Walter Bagehot (1826-1877)
